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PREFACE 


The subject of Fractional Distillation has received but scant 
attention from writers in the English language since Sidney 
Young published his book of that name in 1903 (London). 
French and German authors have, on the other hand, produced 
a number of books on the subject, among the more important 
of which are the following: 

“La Rectification et les Colonnes Rectificatrices en Distillerie.” 
EK. Barbet, Paris (1890). 2nd Ed. (1895). 

“Der Wirkungsweise der Rectificir—und Destillir—Apparate.” 
EK. Hausbrand, Berlin (1893) 3rd Ed. (1916). 

“Theorie der Verdampfung und Verfliissung von Gemischen 
und der Fraktionierten Destillation.” J. P. Kuenen, Leipzig 
(1906). 

“Theorie der Gewinnung und Trennung der Atherischen Ole 
durch Destillation.”” C. von Rechenberg, Leipzig (1910). 

“La Distillation Fractionée et la Rectification.’ Charles 
Mariller, Paris (1917). 

“Young’s “Fractional Distillation,’ while a model for its 
kind, has to do almost entirely with the aspects of the subject 
as viewed from the chemical laboratory, and there has been 
literally no work in English available for the engineer and plant 
operator, dealing with the applications of the laboratory processes 
to the plant. 

The use of the modern types of distilling equipment is growing 
at a very rapid rate. Manufacturers of chemicals are learning 
that they must refine their products in order to market them 
successfully, and it is often true that fractional distillation offers 
the most available if not the only way of accomplishing this. 
There has consequently arisen a wide demand among engineers 
and operators for a book which will explain the principles involved 
in such a way that these principles can be applied to the particular 
problem at hand. 
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It has therefore been the purpose of the writer of this book 
to attempt to explain simply yet accurately, according to the best 
ideas of Physical Chemistry and Chemical Engineering, the prin- 
ciples of fractional distillation, illustrating these principles with a 
few carefully selected illustrations. This book is to be regarded 
neither as a complete treatise nor an encyclopedia on the subject, 
but, as the title indicates, an introduction to its study. It will be 
followed by another book dealing with the general practice of 
fractional distilliaton and its applications to the several industries. 

In general, it has been divided into five parts. The first 
part deals with fractional distillation from the qualitative stand- 
point of the Phase Rule. The second part discusses some of the 
quantitative aspects from the standpoint of the Chemical 
Engineer. Part three discusses the factors involved in the 
design of distilling equipment. Part four gives a few examples 
of modern apparatus, while the last portion includes a number of 
useful reference tables which have been compiled from sources 
mostly out of print and unavailable except in large libraries. 
The writer has drawn at will on the several books mentioned 
above, some of the tables being taken nearly bodily from them, 
and has also derived much help from Findlay’s “‘Phase Rule’’ 
(London, 1920) and from ‘‘The General Principles of Chemistry” 
by Noyes and Sherrill (Boston, 1917). He wishes especially to 
express his gratitude for the inspiration and helpful suggestions 
from Dr. W. K. Lewis of the Massachusetts Institute of Tech- 
nology, and from his other friends and associates at the Institute 
and of the E. B. Badger & Sons Company. Finally, he wishes 
to express his appreciation of the assistance of Miss Mildred 
B. McDonald, without which this book would never have been 
written. 

CuarK §S. RosBInson. 


CAMBRIDGE, 
June 30, 1920. 
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FRACTIONAL DISTILLATION 


INTRODUCTION 


| Definition of Fractional Distillation—By the expression 
ractional Distillation is meant the process of separating so far 
as it may be possible, a mixture of two or more volatile substances 
into its components, by causing the mixture to vaporize by suit- 
able application of heat, condensing the vapors in such a way 
that fractions of varying boiling points are obtained, revaporizing 
these fractions and separating their vapors into similar frac- 
tions, combining fractions of similar boiling points, and repeating 
until the degree of separation desired is finally obtained. 

Purpose of Book.—Such a process is occasionally met with in 
the chemical laboratory, but it is a laborious and time consuming 
operation that has its chief value as a problem for the student, for 
the purpose of familiarizing him with some of the characteristic 
properties of volatile substances. It is possible to carry on a 
fractional distillation by means of certain mechanical devices 
which eliminate almost all of this labor and time, and which 
permit separations not only equal to those obtained by this 
more tedious process but far surpassing it in quality and purity of 
product. It is the purpose of this book to indicate how such 
devices may be profitably used in the solution of distillation 
problems. 

Origin of Fractional Distillation—Like all of the older indus- 
tries, fractional distillation is an art which originated in past ages, 
and which developed as did all the arts, by the gradual accumula- 
tion of empirical knowledge. It is probable that its growth took 
place along with that of the distilled alcoholic beverages, and 
to the average person today the word “still” is synonymous 
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with rum, brandy, and other distilled liquors. To France, 
which has been the great producer of brandy, belongs the credit 
of the development of the modern fractionating still. 

Physical Chemistry and Fractional Distillation—TFractional 
distillation has labored under the same sort of burden that the 
other industrial arts have borne. Empirical knowledge will 
carry an industry to a certain point and further advances are 
then few and far between. It has been the function of the 
sciences to come to the rescue of the arts at such times and thus 
permit the advancement to greater usefulness. The science 
that has converted fractional distillation from an art to a science 
is Physical Chemistry. By its aid the study of fractionation 
problems becomes relatively simple, and it is on this account that 
the subject matter in this book is based upon Physical Chemistry 
as its foundation. 


CHAPTER I 


THE PHASE RULE 


There is a law of thermodynamics, known as the Phase Rule, 
by which it is possible to predict exactly the conditions under 
which all systems of equilibrium can exist. This law was first 
stated by Gibbs,! and has since been applied to a very large 
number of equilibria. The rule is so simple and its application 
gives such an insight into the conditions under which a system 
may be in equilibrium that it will be of the greatest profit to 
study fractional distillation in its light. 

Definition of Phases.—All systems are considered to consist of 
one or more separate portions, each portion being separated from 
the other by definite physical boundaries. For instance, in the 
system consisting of ice, liquid water, and water vapor, there 
is a sharp physical boundary between the ice and the water, 
a sharp boundary between the ice and the water vapor, and a 
boundary between the liquid and the vapor. It is said that 
such a system is one of three portions, or phases. The ice may be 
divided into a number of small pieces, separated from each other 
by liquid, but there still remains but one solid phase. Again, 
if a piece of iron containing 0.85 per cent carbon is allowed 
to cool very slowly from a high temperature and its surface is 
polished, etched, and examined under the microscope, the 
surface of the metal is found to consist of fine dark and light lines 
parallel to each other. The light lines consist of an iron-carbon 
compound called cementite, and the dark lines are pure iron. 
It is said, therefore, that this metal, apparently homogeneous to 
the eye, consists of two solid phases. 

Types of Phases.—A phase, however, while it must be homo- 
geneous physically, may consist of a number of different kinds of 
substances. A solution of a mixture of salt and sugar in water, 
consists of but one phase, although there are three separate 
substances present. However, if there were an excess of salt 


1Trans. Conn. Acad., III, pp. 108-248 (1876); pp. 343-524 (1878). 
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and sugar added to the water, so that the solution was unable 
to dissolve all of them, and some of the salt and sugar remained 
undissolved, the system then would have four phases—solid salt, 
solid sugar, the solution and the water vapor above the solution. 
In the same way, the vapor present in a system is always con- 
sidered as one phase, since it is impossible to distinguish between 
the various components by any physical means. 

Phase Rule Qualitative Only.—It is, of course, evident that the 
number of phases present in a system is independent of the rela- 
tive quantities of the respective phases, and, therefore, in dis- 
cussing equilibrium conditions, the Phase Rule will give no insight 
into the quantitative relationship between the phases. 

Definition of Components.—A system may consist of one or 
more pure components, and the maximum number of phases 
which may be present at equilibrium depends upon the number 
of components. It is, therefore, important to define what a 
component is. The components of a system are the smallest 
number of pure chemical substances out of which it is possible to 
construct the entire system. For instance, the system, ice, 
water and water vapor, consists of one component, the pure 
substance H,O, although it is also possible to produce the system 
from the two elements, Hydrogen and Oxygen. In the same 
way, the system—solid salt, solid sugar, saturated solution and 
vapor, consists of three components, salt, sugar and water. 

Definition of Variants.—The conditions under which a system 
can exist at equilibrium with respect to its various phases, are 
subject to a certain amount of variation. A system can be 
subjected to different temperatures; the pressure on the system 
can be varied; the concentrations of the solutions and vapors 
can be changed; it is possible to vary the specific gravity and the 
index of refraction of a solution. Not all of these changes can be 
made independently of each other, however, and it is customary 
to distinguish between such by referring to independent and 
dependent variations or variants, and the number of independent 
variations which it is possible for a system to have are termed its 
Degrees of Freedom. 

By definition the variants of a system are any physical char- 
acteristics or conditions of the whole system or of a single phase 
which are independent of the amounts of the phases, and the 
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degree of freedom are the number of variants which can be 
modified without necessitating the disappearance of an old phase 
or the appearance of a new one. 

Degree of Freedom.—The variants will in this book, be con- 
fined to the temperature, pressure and concentration of the 
components, and the degrees of freedom which a given system 
can have is that number of variants which must be fixed arbit- 
rarily in order for the system to be perfectly defined. 

The Phase Rule states that if the number of components of a 
system be called C, the degrees of freedom or variance, V, and 
the number of phases, P, the following relation is true. 

PoP Vis. CP 2 

System: Water.—In the system, ice, liquid water, and water 
vapor, there are three phases and one component. Therefore, 
there can be no degrees of freedom. In other words, neither the 
temperature nor pressure can be changed so long as all three 
phases are present. If, however, one phase, as the ice, be re- 
moved, one degree of freedom is permitted and it is possible 
to change either the temperature or the pressure, but not both 
independently. If the temperature of the system is fixed arbi- 
trarily, the pressure is therefore automatically fixed, and it is 
said that at any given temperature the water has a definite vapor 
pressure. 

System: Water and Salt—lIf, however, salt be added to the 
above system, it becomes one of two components and the sum of 
the number of phases and degrees of freedom is four. If the 
system has the three phases, solid salt, solution and vapor, there 
can be one degree of freedom. Let the temperature be arbitrarily 
fixed and the system becomes invariant, neither the pressure nor 
concentration of the solution being variable. It is then said 
that at a given temperature, salt has a definite solubility in water, 
and the vapor pressure of water over such a saturated solution 
of salt in water has a definite value. If, however, insufficient 
salt be added to make a saturated solution at that temperature, 
there would be but two phases, solution and vapor, and, there- 
fore, it is possible to fix another variant, either the concentration 
of the solution or its vapor pressure. Thus it is stated that at 
100° C., the vapor pressure of a solution of 1 part of Glucose in 
20: parts of water is 756 mm. of mercury. 


CHAPTER II 
ONE-COMPONENT SYSTEMS 


Vapor Pressure Curves.—The sum of the number of phases 
and the number of degrees of freedom in a system of one com- 
ponent is three. In the system, water and water vapor, it is 
therefore possible to fix the temperature and obtain a correspond- 
ing vapor pressure. If this be done over a wide range of tempera- 
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Fig. 1.—Vapor pressure curve of water. 


tures, and the corresponding pressures determined, the results 
when shown graphically would appear as Fig. 1 which is the well- 
known vapor pressure curve for water. 
Since, in the system, Ice-Water Vapor, there are two phases 
as before, it is possible by fixing the temperature, to fix the sys- 
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tem, and, therefore, the vapor pressure and the vapor-pressure 
curve for Ice is obtained. This may be plotted as before. 

Likewise, the system, Ice-Liquid Water, is an univariant 
system and fixing the pressure, for instance, will determine the 
temperature at which Ice will change into water or the reverse. 
A plot of such data will give the equilibrium curve between solid 
and liquid water. 


Vapor Pressure in mm of Mercury 


Q eo) -10 0) 10 20 


Temperature, Degrees 


Fic. 2.—Vapor pressure diagram. System—ice, water, water vapor. 


Plot these three curves as on Fig. 2, where the curve ABC 
is the vapor-pressure curve for liquid water, the curve DB is 
the vapor-pressure curve for ice, and the curve HB is the equilib- 
rium curve for ice and water. At the point B, ice, liquid, 
and vapor are all in equilibrium, and, therefore, both temperature 
and pressure are fixed, being about 0° C. and 4.60 mm. respec- 
tively. The field DBE is the field of stable ice, and within that 
field both temperature and pressure can be varied providing 
there is no liquid or vapor present. The area HBC is the field 
where liquid water is stable and the pressure and temperature 
can both be varied if neither ice nor vavor be present. The field 
below the lines DB and BC is the field cf superheated water 
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vapor, which behaves like a gas, both temperature and pressure 
being variable. 

The line AB is the line of equilibrium between supercooled 
water and vapor. The water, however, is not stable at this 
temperature, and if a crystal of ice be introduced, the water 
solidifies instantly. 

Change of Temperature at Constant Pressure.—lIf the system, 
water, be raised at constant pressure, say 8 mm., from —20° C. 
to +20° C., the system would first consist wholly of ice. As the 
temperature was raised no change would occur until the system 
reached the temperature corresponding to the intersection of the 
8-mm. line and the curve BH, when the ice would start to melt. 
The temperature would then remain constant until all of the ice 
was melted, when it would again rise until the line BC was 
reached. Here the liquid would start to evaporate, and the 
temperature would remain constant until all was in the form of 
steam. Further heating would then raise the temperature 
and the system would consist of superheated water vapor. 

Unstable Conditions.—The line AB—that of supercooled 
water—lies above the vapor-pressure curve of ice—DB; or, the 
vapor pressure of the unstable liquid below 0° is greater than that 
of ice. It is evident from this that it is not possible for ice, liquid 
and vapor to exist together below 0° C., since the vapor from 
the water would be supersaturated with respect to the ice and 
would, therefore, condense upon it, eventually converting all 
of the liquid to solid through slow evaporation and condensation. 

In general, the facts noted with respect to the system, water, 
apply to other systems of one component. However, since in 
discussing fractional distillation, systems of one component are 
not considered, two component systems will now be taken up. 


CHAPTER III 
TWO-COMPONENT SYSTEMS 


Space Model of Two-component Systems.—In systems of two 
components, the sum of the number of phases and the degrees 
of freedom is four. ‘Therefore, if but one phase be present, there 
are three degrees of freedom, and the composition of the phases 
must be considered in addition to the temperature and pressure 
of the system. Since any of the variables may be subject to 
variation, the graphical representation will involve a space model 
of three coordinates—temper- 
ature, pressure and concentra- 
tion—as indicated in Fig. 8, 
where the line OB represents 
temperature, the line OA, 
pressure, and the line OC, 
concentration. Any points O 
lying in the plane AOB or 
any plane parallel to it, will Views 
have the same composition. 

Any points in any plane 4 

parallel to the plane AOC Fi. 3-—Space ese? component 
will have the same tempera- aes) 

ture; while the plane COB and planes parallel to it, will be 
planes of constant pressure. The use, however, of space models 
is inconvenient, and it is usually customary to fix one condition, 
such. as pressure, and work with a two-dimension diagram, 
which in this case is usually one of temperature-composition. 

In the study of fractional distillation, it is usual to deal with 
liquids and vapors, and it is unusual that solid phases are of 
importance. There are two common systems of liquid and 
vapor where there are two components; first, solution and vapor, 
and second, two liquids and vapor. In the first case there are 
two phases, and the system is bivariant. In the second case, 


there are three phases, and the system is univariant. 
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Partially Miscible Liquids—The univariant system of two 
liquid phases and the vapor phase is found where two liquids 
are only partially soluble in each other. The relative solubility 
of the two components in each other may vary from almost 
nothing to complete miscibility. Furthermore, the degree to 
which one component will dissolve in the other changes with the 
temperature, and univariant systems frequently become bivariant 
on raising the temperature, due to the components becoming 
completely soluble in each other. . 

Phenol and Water.—The case of phenol and water is a good 
example of the latter. At 20° C., water will contain 8.40 per 
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Fie. 4.—Solubility curve of phenol-water mixtures. 


cent of phenol. If the temperature be raised to 50°, the solu- 
bility will be increased to 12.08 per cent.' Similarily, phenol 
will dissolve water, and at 20°, the amount present amounts to 
27.76 per cent, while at 50, it has risen to 37.17 per cent. 
If these solubilities be plotted as on Fig. 4, it will be seen that 
the respective solubility curves are really one curve which passes 
through a maximum point at a composition of 35.90 per cent 
phenol, and at a temperature of approximately 68.8° C. 

When phenol is added to water, and the temperature kept at 
20°, it, at first, dissolves completely; but when a concentration 
of 8.40 per cent has been reached, the addition of any more 
phenol will cause the formation of a second layer, which will have 


1(Rothmund, Z. Phys. Chem., 26, 433). 
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a composition of 72.24 per cent. Further addition of phenol 
will then have no effect upon the concentration of either liquid 
phase, the relative amounts of each phase changing to keep 
the percentages constant, until enough phenol has been added, 
so that the whole system contains phenol and water in the ratio 
72.24 to 27.76, when any further addition of phenol will cause 
the disappearance of the 8.40 per cent phase, and the system 
will again become a system with one liquid and one vapor phase. 
Viewed from the standpoint of the phase rule, so long as only 
one liquid phase is present, it is possible to fix two conditions 
arbitrarily, such as, temperature and composition, but upon 
the appearance of the second liquid phase, the degrees of freedom 
are reduced to one, and, since the temperature has been fixed 
in the above example, the compositions of both of the two phases 
are therefore determined. Above the critical temperature at 
which both liquid phases have the same composition, the com- 
ponents are miscible in all proportions, and it is possible to 
vary either two of the temperature, composition or vapor pres- 
sure, at will. 

Complete Miscibility—It is evident that systems of two com- 
ponents which are partly soluble in each other at ordinary 
temperatures are special cases of the general one of complete 
miscibility, and within the limits of solubility their behavior is 
the same as that of the latter. 

Liquid Composition—In the chapter on “One-component 
Systems,” it was pointed out that where the system consisted of 
two phases—liquid and vapor, fixing the temperature gave a 
definite vapor pressure, the values of which when plotted gave 
the vapor-pressure curve of the liquid. In the same way, in a 
system of two components, if the composition of the liquid be 
fixed, fixing the temperature will determine the vapor pressure, 
where there is one liquid phase and the vapor phase. If both 
components be volatile fixing the temperature and the composi- 
tion of the liquid will also determine the composition of the 
vapor phase. 

Temperature Composition Diagram.—By fixing the vapor 
pressure of a two-component system, a temperature-composition 
diagram can be made. Figure 5 shows a temperature-composi- 
tion curve for Carbon Tetrachloride—Carbon-Bisulphide at a 
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vapor pressure of 760 mm. Any point on the curve ABC gives 
the composition, x, of a mixture of CCl, and CS. which boils at a 
pressure of 760 mm. at any given temperature, t, where t is in 
degrees Centigrade and x is the mol per cent of CS». The use 
of the “‘mol per cent”’ or “molecular per cent” greatly facilitates 
calculations of vapor-pressure phenomena. By it is meant the 
number of molecular weights of the one component in a mixture 
in which the sum of the molecular weights of the respective 
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Fia. 5.— Boiling point curve for CCl4—CS: mixtures. 


components is 100. The dotted line ADC represents the com- 
position of the vapor which is in equilibrium with the liquid at 
any given temperature. Thus a liquid with the composition 
x, will have a vapor pressure of 760 mm. at the temperature ts, 
and the vapor in equilibrium with it will have the composition xs. 

Starting with a mixture of the composition x;, and at the 
temperature ti, there can be but one phase present, the liquid 
mixture of CCl, and CS: As the temperature is raised no 
change but the expansion of the liquid will occur until the vertical 
line at x; hits the curve ABC, when a vapor phase of the com- 
position x2 will appear. Since there are now two phases and the 
pressure is fixed, there can be but one variable, temperature, and 
the composition of the phases will depend upon it. Let the 
temperature then be raised to some point ts, and the liquid and 
vapor compositions, being no longer independent variables must 
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change accordingly, which they do along the curves ABC and 
ADC respectively, the liquid now having a composition x3 and 
the vapor in equilibrium with it a composition x4. It should be 
remembered that the quantity of CCl, and C&, in the system 
has not changed during this process, and, therefore, the change in 
the compositions of the liquid and the vapor include such a 
corresponding change in the relative proportions of each phase 
that the total composition of the system remains the same, x1. 
Furthermore, the relative proportions of the liquid phase and 
vapor phase, at the temperature ts, are as the distances FG, and 
EF, It will be seen that as the temperature is raised further, 
the proportion of liquid phase decreases, until when the tempera- 
ture reaches a point corresponding to the intersection of the 
vertical line x; and the curve ADC, which occurs at a temperature 
ty, the vapor has the same composition as the original liquid and 
the liquid phase disappears. At higher temperatures, there is 
but one, the vapor phase, and the system again becomes trivari- 
ant, so that at constant pressure it is possible to vary both the 
temperature and the composition of the vapor. This is the 
region of superheated vapor. 

If the above process be reversed, the steps can be followed in 
the same way. Starting with superheated vapor of a composi- 
tion x; and at a temperature ts, condensation will first occur when 
the vertical line x; cuts the vapor line ADC, when liquid of a 
composition x; will separate out. Further cooling will change 
both the composition of the liquid and the vapor along the lines 
ABC and ADC respectively until the liquid has reached the 
composition x; when all the vapor will have disappeared. 

Equilibrium in Fractional Distillation.—It will be noted that 
in both the above heating and cooling processes, the liquid phase 
and vapor phase have been kept in equilibrium. Also, it will be 
noted that there can be liquid and vapor in equilibrium with each 
other only between the temperatures tz and ts, and the composi- 
tion of the liquid phase can vary only between the limits x, 
and xs. It is therefore evident that if the two components, CS2 
and CCly, are to be separated into the pure substances by frac- 
tional distillation, either the system must be placed in unstable 
equilibrium, or the system itself must be changed. 
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General Methods of Fractionation—There are two general 
methods by which fractionation can be obtained, successive dis- 
tillation of the condensed distillates, and fractional condensation, 
both methods depending on the separation of the liquid from the 
vapor while the phases are in equilibrium. 

Successive Distillation.—The first method, successive distilla- 
tion of the condensed distillates, can be best shown by referring to 
Fig. 5. Starting with a large amount of liquid of the composition 
xs which boils at 760 mm. pressure at a temperature t4, a small 
amount of vapor, of the composition x; is removed from the 
apparatus and condensed, giving a liquid of the composition 
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Fie. 6.—Fractionation diagram. 


xi. Let this new liquid again be distilled, and the first portion 
of the distillate will have the composition x2. Continuing this 
process, the successive compositions of the distillate can be 
estimated by following the series of dotted steps, which eventualiy 
approach the point C, pure CS8s, as a limit. 

The removal of any vapor of a composition x; from the liquid 
of the composition x; will change the composition of the liquid 
in the direction of pure CCl4 Therefore, if the distillation of 
the liquid be continued, the composition will approach pure CCl, 
as a limit, and the last of the liquid to be distilled would have 
this composition. 

It is therefore possible by a systematic series of distillations to 
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separate any mixture of CS, and CCl, into practically pure CS, 
and pure CCl, This systematic fraction may be shown dia- 
grammatically as in Fig. 6, in which the original mixture (1) 
is divided into a distillate (3) and a residue (2). (3) and (2) are 
then distilled separately and produce distillates and residues, the 
distillate from (2) and the residue from (3) being combined into a 
new liquid (5) which is again distilled with (4) and (6) to con- 
tinue the separation. This process is continued until practically 
complete separation is obtained. Such a process is sometimes 
carried out in the laboratory, but it is extremely tedious, and 
the same result can be obtained in other, much more convenient 
ways. 

Multiple Distillation.—Suppose an apparatus as in Fig. 7, con- 
sisting of a series of distilling kettles, A, B, C, etc., each kettle 


Fia. 7:—Diagram of multiple distillation. 


containing a heating coil, and necessary connections for vapors 
and liquids. Suppose that kettle A contains a liquid mixture 
of C82 and CCl, of the composition x; as on Fig. 5, the kettle B, 
a liquid of the composition x;; the kettle C, the composition Xs, 
andsoon. The liquid in A boils at ts, that in B at te, and that in 
C at ts. Since the vapor leaving A is at a temperature t4, which 
is higher than the boiling temperature in B, tz, then, if the vapor 
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from A be led into the heating coils of B, it will give up its heat 
to the contents of B, boiling the liquid, and itself being condensed. 
The vapor from B, if led into the heating coils of C, will in the 
same way, boil the liquid in C, the vapor being itself condensed 
as before. The condensed vapors in the coils may be drawn off 
into receivers D, E, F, etc. However, since the composition of 
the liquid in B was selected to be the same as that of the vapor 
coming from the kettle A, from Fig. 5, the condensed vapor in the 
coils of B can be allowed to mix with the contents of B instead of 
being withdrawn into the receiver H. Now, since the vapor 
from A is being mixed with the liquid in B, and since there is 
a heat interchange between the two, it is much simpler to blow 
the vapor directly into the liquid, thus dispensing with the coils. 

As the liquid in the kettle B distils, giving off a vapor richer in 
CS, than itself, the concentration of the liquid tends to become 
poorer in C8., in spite of the addition 
to it of the vapor from A. Therefore, 
if it be withdrawn continually through 
the pipe J and run into the kettle A, the 
tendency for the liquid to become poorer 
in CS, will be reduced, and the contents 
of the kettle A will, at the same time 
be enriched. In the same way, the 
liquid in Cis allowed to flow continuously 
back into the kettle B. 

Continuous Fractional Distillation.— 
By this process, therefore, if a constant 
supply of vapor be furnished to the 
kettle A, a continuous fractional dis- 
tillation can be obtained. Furthermore, 
since each kettle represents a change in 
Fra. 8—Diagram of frace COMPosition corresponding to one step 

tionating column. of the dotted lined steps in the diagram 

on Fig. 5, it there are as many kettles 

as there are required steps to pass from practically pure CCl, 

to practically pure CS, such an apparatus will separate the 

mixture into the practically pure components, continuously, 
and with but little labor. 
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Fractionating Column.—The above device is the basis upon 
which the fractionating (or dephlegmating) column of a fraction- 
ating stillis made. A portion of a simple column is shown on Fig. 
8. This column contains perforated plates, dividing it into the 
sections A, B, C, etc. Each of these sections has the same 
function as a kettle in the previous apparatus. The vapor 
from the liquid on the plate A, passes through the small holes 
in the plate B and coming into contact with the colder liquid on 
the plate B, is condensed, thereby giving up its heat to the 
liquid on the plate, and causing it to boil. The excess liquid on 
the plate B overflows onto the plate below through the pipe F. 

Entrainment.—The analogy between this fractionating column 
and the series of kettles would be complete if the vapor leaving 
the liquid on the plate had the equilibrium composition as pre- 
dicted from curves as on Fig. 5. But, unfortunately, no design 
has been able to wholly prevent some of the vapor from the 
plate below passing through the liquid on the plate, without 
coming into equilibrium with it. The vapor above any plate, 
therefore, is a mixture of the vapor from the liquid on that plate, 
and of the vapor from the plate below, and, therefore, it will 
contain less of the volatile component than would be the case 
if complete equilibrium were reached. The ratio of the actual 
composition of the vapor over the plate, when the reflux ratio, 
which will be explained in Part II, is infinite, to the equilibrium 
composition of the vapor, is a measure of the efficiency of the 
plate as a fractionating device. 

The numerous modifications of the fractionating column will 
be discussed in the chapter devoted to that subject. 

Fractional Condensation.—The second general method by 
which fractionating can be obtained, is fractional condensation. 
Referring again to Fig. 5, suppose a mixture of CS: and CCl 
vapor with the composition x; and at the temperature ts. It 
was stated that upon cooling, condensation would begin when 
the x, vertical line reached the vapor line ADC, and that the liquid 
which appeared would have the composition x;. If, now, the 
liquid be removed from contact with the vapor as rapidly as 
it appears, and since the liquid is poorer in the more volatile 
component, CS», than the vapor, the vapor will grow progressively 
richer in CS, as the temperature drops until, as the last of the 
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vapor condenses, its composition will have reached that of pure 
C82. It is, therefore, possible to separate the pure more volatile 
component from a mixture by vaporizing the mixture, and then 
condensing the vapor gradually, withdrawing the condensate 
as rapidly as it appears. But it is obvious that such a process 
would be most inefficient since all of the liquid must be vaporized 
and condensed in order to obtain the last portion of remaining 
vapor as practically pure component. Actually, fractional 
condensation is combined with successive vaporization, and with 
a modification of successive vaporization known as washing or 
scrubbing which will be discussed below, to produce efficient 
fractionation. 

Classes of Binary Mixtures.—Binary mixtures of volatile 
liquids, miscible in all proportions, are divided into three main 
classes. These three classes are illustrated by Fig. 9, where 
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Fia. 9.—Types of binary mixtures. 


Curve I is the liquid-vapor curve for Carbon Tetrachloride— 
Carbon Bisulphide mixtures at 760 mm. which was shown on 
Fig. 5. This type of mixture can be separated into its compo- 
nents by fractional distillation. 

Maximum Boiling Point.—Curve marked II is the boiling- 
point curve for mixtures of Acetone and Chloroform. This 
curve passes through a maximum point at approximately a 
composition of 65 mol per cent Chloroform, at a temperature 
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64.6°C., which is higher than the boiling temperature of either 
pure component, and the liquid and vapor curves are tangent to 
each other at this maximum point. Evidently, a liquid of a 
composition corresponding to this maximum, when raised to its 
boiling point, would produce a vapor of the same composition as 
the liquid, and, therefore, the two components cannot be 
separated by fractional distillation. 

If a vertical line be drawn through this maximum boiling 
point, the diagram will be divided into two parts, and the section 
of the curve in each part will resemble the simple type of Curve I. 
It can, therefore, be stated that in such a system of two compo- 
nents, where there exists a maximum boiling point, any mixture 
of these components can be separated by fractional distillation 
into one pure component and the mixture of constant boiling 
point, but that it is impossible, by fractional distillation, to 
separate such a mixture into both of its components. Further- 
more, in a fractional distillation of such a mixture, the distillate 
will be richer in the pure component since it boils at the lower 
temperature, and the residue will be richer in the constant 
boiling mixture. 

Minimum Boiling Point.— Mixtures represented by Curve III 
are the type having minimum boiling points. Such mixtures 
behave exactly like those of maximum boiling points, except that 
upon distillation the distillate is richer in the constant-boiling 
mixture, while the residue is richer in the pure component. The 
best known case of such a mixture is that of ethyl alcohol and 
water, which will be discussed later in detail. 

Since in such systems there are two phases, liquid and vapor, 
and if the condition is fixed that both phases have the same 
composition as is the case with the mixtures of constant boiling 
point, then there can be but one other degree of freedom, and if 
the pressure be fixed, then the system is invariant and it is 
impossible to change the composition of the constant-boiling- 
point mixture. But changing the pressure will allow a cor- 
responding change in the composition of the mixture. Also 
the addition of another component, such as a salt, to the liquid, 
will allow a change in the composition. This latter method is in 
common use, industrially, for this purpose, and will be discussed 
later. 


CHAPTER IV. 


MORE COMPLEX SYSTEMS 


Two-component systems have thus far been the subject of 
consideration, but fractional distillation is by no means confined 
exclusively to such systems, since most industrial mixtures con- 
tain greater or less amounts of impurities, and fractional dis- 
tillation is often depended upon to separate the products from 
them. It is frequently true, however, that the mixtures to be 
separated consist largely of two components and that the other 
components are present in relatively small amounts. If this is 
the case, it is customary to consider the system preliminarily as a 
two-component system and then modify the design to allow for 
the other components. In many cases, however, this cannot be 
done, and the system must be considered from the start as a 
multi-component system. 

Three-component Systems.—In systems of three components, 
the sum of the number of phases and the degrees of freedom is 
five. In order for such a system to be invariant, there must be 
five phases present. In systems consisting of liquids and vapors, 
however, it is rare that there are present more than two liquid 
phases and one vapor phase and such a system, therefore, has 
two degrees of freedom. For instance, ethyl ether and water are 
partially soluble in each other and when mixed in proportions 
greater than the limits of solubility, form two liquid phases, 
one a solution of water in ether, and the other a solution of ether 
in water. Such a system of two components, with two liquid 
phases and one vapor phase, has one degree of freedom, and, 
therefore, if the temperature be chosen, the system becomes 
fixed, and the compositions of the liquids, of the vapor, and the 
vapor pressure of the system are fixed. If, however, some ethyl 
alcohol be added to the system, it now becomes one of three 
components, and it is possible to fix some other condition in 
addition to the temperature; for instance, the vapor pressure. 
Or, in other words, the temperature at which such a mixture will 
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boil at atmospheric pressure, that is, the temperature at which 
the vapor pressure becomes equal to the barometric pressure, 
may also be varied. If the temperature and pressure are fixed, 
of course, the compositions of the liquid and vapor phases become 
fixed. 

System: Ether, Alcohol, Water.—In the system, ether, water, 
alcohol, if alcohol be added to the ether and water, the solubility 


Fria. 10.—Diagram of three component system. 


of ether in the water is increased, and the solubility of the water 
in the ether is increased. If sufficient alcohol be added, a point 
is reached when the ether phase and the water phase contain the 
same amounts of ether, alcohol and water, and any further 
increase in the amount of alcohol, will produce a system of one 
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liquid phase, where ether, water and alcohol are completely 
soluble in each other. Under this condition, there are three 
degrees of freedom, and the temperature, pressure, and composi- 
tion of the liquid, for example can be fixed. This will fix the 
composition of the vapor phase in equilibrium with the liquid 
phase. It is difficult to show diagrammatically, three-compo- 
nent systems. One method of graphical representation is shown 
on Fig. 10 which consists of a prism erected on an equilateral 
triangle ABC. The sides of the triangle are divided into 10 or 
100 equal divisions, representing mol fractions of the components. 
Thus the line CB represents mixtures of the pure components C 
and B and any point on the line indicates their mol fractions. 
Also, any point on the line AC represents mixtures of the compo- 
nents A and C, and any point on the line AB, mixtures of the 
components, A and B. 

It is a property of such a triangle that if the length of the 
perpendicular from any apex to the opposite side be unity, the 
sum of the perpendiculars from any point within the triangle to 
the three sides, will also equal unity. Therefore, since the sides 
are divided uniformly as mol fractions, the length of the perpen- 
diculars from any point within the triangle to the respective sides 
will indicate the mol fraction of the component, whose apex lies 
opposite the side of the triangle to which the perpendicular 
is drawn. Thus, the point O has the perpendicular line OK 
drawn to the line AC, having a length equal to 0.2. Therefore, 
the mol fraction of the component B is 0.2. In the same way, 
the mol fraction of C is 0.3 and the mol fraction of A is 0.5, 
totaling 1.0. Any mixture of A, B and C may, therefore, be 
indicated by properly locating its composition on this triangle. 

If the vertical dimension of the prism represents temperature, 
on such a space model, it is possible to illustrate changes in 
temperature and composition, but not changes in pressure. 
Just as in two-component system, the temperature-composition 
diagram was at constant pressure, so in this case the whole space 
model is at constant pressure. The pure component B boils 
at atmospheric pressure at a temperature corresponding to the 
point J. Pure C boils at a temperature corresponding to H, 
while pure A boils at the temperature G. The plane surface 
CEFB of the prism, then, is exactly the same as the temperature- 
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composition diagram used for two-component systems, and the 
boiliug-point curve for mixtures of C and B can be drawn as 
before, together with the vapor curve in equilibrium with it, as 
shown by the curves HPJ and HQJ respectively. In the same 
way the boiling point and vapor curves for mixtures of A and C 
can be drawn in the plane ADEC, and the boiling point and vapor 
curves of mixtures of A and B can be drawn in the plane ADFB. 
It will be seen that the three boiling point curves HPJ, GRH, 
and GV J, from the boundaries of a surface. This surface repre- 
sents the boiling temperatures of mixtures of A, B and C, whose 
compositions are determined as above. In the same way, the 
vapor lines, HQJ, GSH, and GTJ, form another surface which 


Fia. 11.—Constant temperature diagram. Three component space model. 


represents the vapor in equilibrium with the liquid mixture. A 
horizontal plane represents a plane of constant temperature, and 
such a plane, cutting both liquid and vapor surfaces, will form 
lines which indicate compositions of the vapor phase which are in 
equilibrium with the liquid mixtures which boil at that tempera- 
ture. Such an intersection of a constant temperature plane 
with the liquid and vapor surfaces is shown on Fig. 11 where 
the line abc is the intercept with the liquid surface, and the 
line def that with the vapor surface. Since there are two phases, 
liquid and vapor, and the pressure and temperature have been 
fixed, there is one degree of freedom. If, now, the composition 
of the liquid with respect to one component is fixed, say 10 mol 
per cent of A, the line representing a mol fraction of A of 0.10, 
gh, will cut the liquid line abe at some point z. A liquid of this 
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composition will boil at the fixed temperature and pressure. 
The vapor in equilibrium with the liquid x will have some fixed 
composition y which may or may not be on the projection of the 
line connecting C and 2. 

Ternary Constant-boiling Mixtures.—The system illustrated 
on Fig. 10 is one in which there are no constant-boiling mixtures, 
and separation by fractional distillation can be complete. Very 
commonly, however, one pair of the three will bave a constant- 
boiling mixture, and often two pairs of the three will have such 
mixtures. When this latter occurs, constant-boiling mixtures 
of the three components will be obtained. Thisis very common in 
cases where one of the components is only partly soluble in the 
others; for example, the mixture of benzene, ethyl alcohol and 
water. This system has a constant-boiling mixture, boiling at a 
temperature considerably below any of the pure components, and 
containing more water than the constant-boiling mixture of 
alcohol and water. This system is one used in the manufacture 
of absolute alcohol. 

Partially Miscible Components.—Occasionally, the presence of 
a partly soluble component, and a binary constant-boiling 
mixture, fails to produce a ternary C.B.M. For instance, iso- 
amyl alcohol is only partly soluble in water, and ethyl alcohol 
forms a C.B.M. with water; but no ternary C.B.M. is formed, 
since the alcohol-water C.B.M. has a lower boiling temperature 
than the iso-amyl alcohol-water mixture in the presence of 
alcohol. This permits the separation of the iso-amyl alcohol 
from the ethyl alcohol and water, as illustrated in the recovery 
of fusel oil in the rectification of fermentation alcohol. 


CHAPTER V 


THE GAS LAWS 


The principles involved in fractional distillation are funda- 
mentally the elementary laws of physics and thermodynamics. 
Many of the so-called physical laws are, however, very limited 
in their applications, and do not apply exactly throughout the 
whole range of conditions included under distillation. Often, the 
laws hold exactly only for the non-existent perfect gases, and for 
perfect solutions, and hold only approximately for actual gases 
and solutions which are said to approach perfect gases and solu- 
tions to a greater or lesser degree according to their behavior in 
relation to the perfect gas and solution laws. However, in 
engineering work, the large number of more or less indeterminate 
factors which come into every problem, render exact solutions 
very difficult, and approximate solutions are usually sufficient. 
Under these circumstances, the perfect gas and solution laws 
often give results which are sufficiently close for engineering 
purposes. It is usually possible to devise wholly empirical 
equations which describe the behavior of actual gases and 
solutions exactly within the limits of the data, and these empiri- 
cal equations are frequently of very great use in distillation 
calculations. But such equations have the disadvantage that 
they bear no theoretical relation to other equations and are 
incapable of safe extrapolation. It is, therefore, very much 
safer to use the perfect gas and solution laws wherever they can 
be used and make use ef empirical equations as little as possible. 

Boyle’s Law.—The first of the theoretical laws which is of 
importance in distillation, is the Law of Boyle, which states that 
at constant temperature the volume of a given gas is inversely 
proportionate to its pressure, or 


PV = constant 


Thus, doubling the pressure on a given amount of a gas at 


constant temperature should halve its volume. 
25 
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Gay-Lussac’s Law.—If, however, the temperature of a given 
amount of a gas be raised, either the gas will expand or its pres- 
sure will increase, and it has been found that at 0°C., raising the 
temperature 1°C. will cause a gas to increase in volume 1473 of its 
volume, at constant pressure; or inversely, the pressure will be 
increased 1473 of its pressure at 0°C., if heated at constant 
volume. This temperature effect is known as the Law of 
Gay-Lussac. 

Absolute Zero.—Since the volume of a gas diminishes 1473 of 
its volume at 0°C. for each degree it is cooled, when the gas has 
been cooled to —273°C., or —273.1°C. exactly, its volume should 
be zero. —273°C. is, therefore, known as the Absolute zero. 
In English units this corresponds to —459.6°F. This would occur 
only with a perfect gas, however, and it has been found that 
actual gases condense to the liquid state before —273°C. is 
reached. 

Perfect Gas Equation.—The laws of Boyle and Gay-Lussac 
can be combined to give the equation 


PV = NRT 


where P is the pressure exerted by the gas, V is its volume, N is 
the number of molecular weights or mols of the gas present, 
T is the temperature at which the gas exists, when measured from 
absolute zero, and R is some constant, known as the Gas Con- 
stant, whose value varies according to the units which are selected 
for P, Vand T. Thus, when T is in degrees Centigrade absolute, 
P is in atmospheres pressure and V is in liters, R will have the 
value of 0.08207 (0.082). 

Molal Volume.—The volume which one molecular weight in 
grams of a gas will occupy at 0°C. and 1 atmosphere pressure may 
be found as follows: 
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The value —22.4 liters—of 1 gram mol of a gas at 0°C. and 1 
atmosphere pressure, 1s a very convenient figure to remember and 
frequent use will be made of it. In the same way, the value of 
the mol in English units may be determined and has been found 
to be 359.0 for 1 lb. mol of a gas at standard conditions (32°F. 
and 29.92 in. of mercury). 


i 
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As has been stated above, no gases follow the laws of the 
PV = NRT equation exactly. The greater the distance of a 
gas from its saturation temperature, and the lower the pressure, 
the more nearly will the gas behave like a perfect gas. For 
the so-called permanent gases such as Oxygen, Hydrogen, Nitro- 
gen, and so on, the PV = NRT equation holds almost exactly 
for ordinary temperatures and pressures. But even these show 
marked deviations as the pressures increase and the temperatures 
approach the liquifying point. Consequently, other equations 
have been worked out to describe the behavior of these gases 
more exactly, the most notable being that of Van der Waal’s 


(p ue 2) = by 


which is the PV = NRT equation with N = 1, and P and V 
corrected for the internal-pressure effect. of the molecules of 
a gas and for the actual volumes of the molecules of the gas 
themselves. This equation holds very well for most gases up 
to extremely high pressures, and in some cases for the liquefied 
gases also, but it is a difficult equation to handle and is used very 
little in engineering work. 

Precision of Perfect Gas Laws.—lIn order to show the appli- 
cability of the equation PV = NRT, the following table has been 
calculated for 1 lb. of steam. Thus it is evident that for 


Specific volume, 
galas piers) cubic feet Ditters | Conditioner 
degrees | pounds per | — ie Sa oOr 
Fahrenheit square inch Caleu- 
Actual 
lated 
212 14.70 26.81 27.21 0.40 | Saturated 
250 15.00 27.84 28.18 0.34 | Superheated 
400 15.00 33.96 34.13 0.17 | Superheated 
600 15.00 41.98 42.09 0.11 | Superheated 


saturated vapors, the above equation is good to about 2 per cent., 
while for superheated vapors, it becomes increasingly more accu- 
rate as the degree of superheat increases. Since, in most dis- 
tillation work, errors of 2 per cent. in the volume of vapors are 
not serious, the use of this equation may be permitted. 
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Dalton’s Law.—When gases are mixed together, it has been 
found that each gas exerts a pressure exactly the same as if that 
same amount of gas were present in the same space alone, and 
that the total pressure exerted by the mixture of the gases is 
exactly equal to the sum of the individual pressures of each of the 
gases if each were present alone in the same space. The pressure 
of the individual gas is called its partial pressure, and the above 
law is known as Dalton’s Law of Partial Pressures. 

Since the equation PV = NRT is substantially true for all 
gases and vapors, the volume of one mol of all gases must be 
the same at the same temperature and pressure. It is therefore 
evident from Dalton’s Law that the partial pressure of a gas in 
a mixture of gases must be proportional to the ratio of the number 
of mols of the gas present to the total number of mols of all the 
gases present. This ratio is called the mol-fraction (x) and the 
rule may be stated 

p = Px 
where p is the partial pressure of the gas in the mixture of gases 
containing x mols of the gas per mol of the mixture, and where P 
is the total pressure of the mixture. It also follows that the 
per cent by volume of a gas in a mixture is equal to 100*. 

Composition of Air.—Thus, air contains 20.9 per cent Oxygen, 
78.1 per cent Nitrogen and 1.0 per cent Argon, by volume. 
Therefore, when air exists at 760 mm. pressure, the partial 
pressure of the Oxygen will be 

20.9 


00 <0 0R—s159imm= 


It is often necessary to convert per cent by volume of a gas to 
per cent by weight, or the reverse. The method is indicated by 
the following example. 

Calculation of Weight Per Cent.—Calculate the weight 
composition of the Oxygen, Nitrogen, and Argon in air. 

The molecular weight of Oxygen is 32.00 

The molecular weight of Nitrogen is 28.02 

The molecular weight of Argon is 39.88 
If 100 mols of air are used, the weight of the 

Oxygen will be 20.9 X 32.00 = 668.8 

Nitrogen will be 78.1 X 28.02 = 2,189.0 

Argon will be 1.0 X 39.88 = 39.88 


Sum 2,898.00 
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Weight per cent Oxygen = ae 
‘ 2,189 

Nitrogen 2,898 

39.88 

Argon = 2 898 
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xX 100 = 23.1 per cent 


x 100 


75.5 per cent 


x 100 = 1.88 per cent 


Calculation of Mol Per Cent.—The reverse calculation, the 
conversion of weight per cent to mol or volume per cent is shown 


as follows: 


What is the mol per cent of the Acetone and Ethyl Alcohol 
in a vapor containing equal parts by weight of each? 


Molecular weight of Aleohol (C2H;OH) = 46.06 
Molecular weight of Acetone ((CH3)2,CO) = 58.07 


if 100 parts of the mixture are used the mols of each vapor will be 


Feng = 1-110 mols Aleohol 
sane = 0:360 mols 
Sum 1.970 
Mol per cent Alcohol = ian 
Mol per cent Acetone = pe00 


1.970 


Acetone 


x 100 


x 100 


56.3 per cent 


43.7 per cent 


CHAPTER VI 


SOLUTIONS 


Clapeyron Equation.—It was shown that where a pure liquid 
is in contact with its vapor, the vapor pressure of a liquid is fixed 
at any given temperature. The change of the vapor pressure 
with the temperature is shown exactly by the Clapeyron equa- 
tion, which may be developed thermodynamically. 


dp: eee 
. dT (V=—Vo)T 
where a is the change in pressure with the temperature, L is the 


latent heat of vaporization of one mol of the liquid, V is the 
volume of one mol of the vapor, Vo the volume of one mol of the 
liquid, and T the absolute temperature at which vaporization 
takes place. 

The heat of vaporization changes with the temperature, but 
not rapidly, and for small temperature ranges, it is possible to 
consider L a constant. Also, PV = NRT may be considered to 
hold for small temperature ranges, and Vo is usually very small 
compared with V, so that V — Vo practically equals V. 

Approximate Clapeyron Equation.— Making use of these 
approximations the Clapeyron equation may be written 


Cpa es 
dt RT? 
p 


which when integrated between limits gives 
Pe Leal 1 
i pi XR (nes Ta 
where /n represents Napierian logarithms or log., and log, = 
logio X 2.303. 
Benzene.—An example of the use of this equation is given for 
Benzene (CeH¢), which boils at 80.36°C. under 760 mm. pressure 


and whose latent heat of vaporization is 7,250 calories per gram 
30 
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mol. When L is measured in calories, R must be used in corre- 
sponding units and it has the value 1.9885 (1.99) 


ih D2 fy 200 ( 1 1 ) 
760 LOOP 2735-28036 YD 
: Temperature degrees Centigrade 
Pressure in Difference, 
millimeters degrees 
Observed Calculated 
181 40.0 nO —2.5 
389 60.0 59.0 —1.0 
760 80.36 
1,748 110.0 111.1 +1.1 
3,520 140.0 142.3 42.3 


A table giving values of the latent heat of vaporization of the 
more common volatile liquids will be found in the Appendix 
(Table V). 

It is possible to obtain a close approximation of the true vapor 
pressure curve of a liquid by expressing L as a function of the 
temperature 

L =a+ bT + cT? + ete. 
The approximate Clapeyron equation then becomes 


dp 
p a+ br st-cl Pete. 
irom le 
dp 
p =a b c 
i Rea RT eR 
which when integrated has the form 
a b c 4 
Inp = — RT ate pint =| R T + constant. 


Empirical Vapor-pressure Equations.—However, since the 
relation of L and T has been accurately studied for but few 
liquids, and since the exact vapor pressure curves are available 
for almost all of them, this last equation has very limited appli- 
cation. It is commonly in use for steam; for instance, the Marks 


equation: 
sti! 
logio pp = 10.515354 — see — 0.00405096T + 


0.000001392964 T? 
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where p and T are expressed in pounds per square inch and 
degrees Fahrenheit absolute respectively. It must be realized 
that this type of equation is wholly an empirical one, since it is 
based on an empirical relation between L and T. 

Raoult’s Law.—The introduction of a dissolved substance or 
solute into a volatile liquid lowers the vapor pressure of the 
liquid if the solute is non-volatile, or lowers the partial vapor 
pressure of the solvent, if the solute is volatile. It has been 
found that the vapor pressure lowering is proportional to the mol 
fraction of the dissolved substance, and the relation may be 
expressed by the equation 


P = PoXo 


where p is the partial vapor pressure of the solvent, po isthe 
vapor pressure of the pure solvent, and x, is the mol fraction 
of the solvent in the mixture. This is known as Raoult’s Law 
of Vapor Pressure Lowering. It can be predicted qualitatively 
from the Phase Rule, since the addition of another substance to 
a pure liquid makes a two-component system, and it is, therefore, 
necessary to fix the composition of the liquid (or the vapor) as 
well as the temperature, in order to fix the vapor pressure. 

Vapor Pressure of Sugar Solution.—For example, it has been 
possible to calculate the vapor pressure of a 10 per cent. cane 
sugar solution in water at 100°C. 


Thus, 
Molecular weight of water = 18 
Molecular weight of sugar = 342 
0.10 
349 — 0.000292 
0.99 
eae 0.055 
Sum 0.055292 
ee _ _ 9.000292 _ 
Mol fraction of the sugar = 0.055299 ~ 0.00528 


Mol fraction of the water = 1. — 0.00528 = 0.99472 
The vapor pressure of pure water at 100°C. = 760 mm. 


Therefore vapor pressure of the 10 per cent sugar solution would 
be 0.99472 X 760 = 756 mm. This example for the case of a 
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non-volatile material dissolved in a volatile solvent is similar 
to the case of a volatile material dissolved in a volatile solvent, 
the only difference being that the partial pressure of the solvent 
and not the total vapor pressure of the mixture must be taken 
into consideration. For instance, in order to calculate the partial 
pressure of benzene over a mixture containing 5 per cent. by 
weight of toluene in the benzene at 80°C., a similar method is 
used. Thus, the molecular weight of benzene is 78.1. The mo- 
lecular weight of toluene is 92.1. In 100 parts by weight of the 


. Ld 5 9 
mixture there will be OpEL © 0.0543 mols of toluene and a = 


1.216 mols of benzene. The total number of mols present in 


100 parts of the mixture is 1.270. 
0543 


1.270 
The mol fraction of the benzene = 1.0 — 0.0427 = 0.9573. 
The vapor pressure of pure benzene at 80°C. is 753.6 mm. 


The mol fraction of the toluene = = 0.0427 


Therefore, the partial pressure of benzene over this mixture will 
be 753.6 X 0.9573 = 721.5 mm. 

Limits of Raoult’s Law.—The use of Raoult’s law for the pur- 
pose of calculating the partial pressure of the solvent in any 
solution is limited in application to dilute solutions, usually of 
less than 5 per cent. dissolved solute. In some cases, however, 
as for instance the case of mixtures of benzene and toluene, 
Raoult’s Law applies to considerably higher concentrations, 
while in other cases, such as mixtures of alcohol and water, 
Raoult’s Law practically does not hold at all. Furthermore, if 
the dissolved material is an electrolyte, such as an acid, an alkali 
or a salt, which is ionized in solution, the vapor pressure lower- 
ing is increased, depending upon the degree of ionization of the 
dissolved material. For instance, a solution of acetic acid and 
water will conduct electricity, indicating that the acetic acid is 
ionized to a certain extent. Experiments have shown that dilute 
acetic acid of a strength approximately 14 of a molecular weight 
per 1,000 grams of water, that is, 6 grams of acetic acid in 1,000 
grams of water, is ionized approximately 1.34 per cent at 25°C. 
The vapor pressure lowering of the water in a solution of this 
concentration, therefore, will be increased by 1.34 per cent over 
the lowering which would be calculated from the molal concentra- 

3 
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tion of the acetic acid if it were not ionized. Thus, the equivalent 
number of mols of acetic acid present in this solution would be 
1.0134 X 1{9 mols in 55.5 mols of water. Since the vapor 
pressure of pure water at 25°C. is 23.55 mm., the vapor pressure 
lowering would be 


23.55 X 0.10134 
59.5 + 0.10134 


= 0.429 mm. 


The partial pressure of the water vapor, therefore, over this 
solution would be 23.55 — 0.429 = 23.12 mm. 

Henry’s Law.—There is another rule for solutions known as 
Henry’s Law which states that the partial pressure over the 
mixture of a volatile solute dissolved in a solvent, is proportional 
to the mol fraction of the solute in the mixture, or 


p = ax 


where p is the partial pressure of the dissolved substance, x is 
the mol fraction of the dissolved substance in the mixture and a is 
some constant. It is obvious that if the constant a has the same 
value as the vapor pressure of the pure solute at the same tem- 
perature, the equation is the expression for Raoult’s Law which is, 
therefore a limiting case of Henry’s Law. It is not common, 
however, for a mixture of two volatile materials to follow Raoult’s 
Law throughout the entire range of compositions. Therefore, 
the constant a is usually different from po, the vapor pressure of 
the pure material. In the case of benzene and toluene, for 
instance, a is practically equal to po and the partial pressure of 
the dissolved substance present in the smaller proportion can be 
calculated from Raoult’s Law with considerable precision. Thus, 
in the case cited above, 5 per cent by weight solution of toluene in 
benzene, it was noted that the mol fraction of toluene was 0.0427. 
Therefore, if the vapor pressure of pure toluene at this tempera- 
ture be multiplied by this figure, the partial pressure of toluene 
in the vapor above this mixture will be obtained. The vapor 
pressure of pure toluene at 80° is 291 mm., giving a partial pres- 
sure of the toluene of 12.4mm. The total vapor pressure of the 
liquid, which is the sum of the partial pressures of the two compo- 
nents, will be the sum of the partial pressures of the benzene and 
toluene, or 735.9 mm. 
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Partial Pressure of Ammonia over Water.—In most cases, 
however, the constant a is not equal to po and it is necessary to 
determine experimentally the value of a at any given tempera- 
ture. This has been done for a large number of mixtures. For 
instance, the partial pressure of ammonia, NH3, above an aqueous 
solution of ammonia containing one molecular weight, 17 grams, 
per 1,000 grams of water at 25°, is 13.47 mm. 


In the expression, p = ax, p = 13.47 mm. 
oe 
~ 1000 


18 
elas 3 
The value of the constant, a, therefore, is ya 748. 


x = 0.018 


Using this value of a it would be possible to calculate by 
Henry’s Law the partial pressure of ammonia over a 0.5 molal 
solution at the same temperature. 


0.5 
1000 
18 


The experimentally determined value for this strength is 6.65. 
In the same way, the partial pressure of ammonia over a 0.25 
molal solution would be 3.87 mm. while the experimentally 
determined figure is 3.382 mm. 

Chemical Combinations.—The above figures indicate the 
reliability of Henry’s Law and its application to very dilute 
ammonia solutions. It should be noted, however, that ammonia 
combines with water to form ammonium hydroxide according to 
the reaction NH; + H,O = NH,OH. It would be expected 
from this equation that the more dilute the solution of ammonia, 
the greater the proportion of ammonia in the solution will be 
present in the form of NH,OH rather than NH;. In other words, 
where a volatile material combines chemically with the solvent, 
the vapor pressure of the volatile material will be less than that 
calculated from Henry’s Law and the divergence will be greater 
the more dilute the solution. For such mixtures, it is, therefore, 
safe to use Henry’s Law only over small dilution ranges. 

Limits of Henry’s Law.—Where the volatile materials do not 
combine chemically, as in the case of mixtures of benzene and 


po = 748 X = 6.74 
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toluene, Henry’s Law will be found to apply nearly exactly over a 
fairly wide range of concentrations. In general, however, its 
range of accuracy has an upper limit of somewhere between 5 per 
cent and 10 per cent of the dissolved substance. 

Empirical Equations.—It will be seen, therefore, that Raoult’s 
Law and Henry’s Law apply for either very small or very great 
concentrations of the volatile material. For intermediate con- 
centrations, however, there are no physical laws which are appli- 
cable and recourse must be had to experimentally determined 
data. It is possible, in some eases, to derive empirical equations 
which cover the data very closely between the two extremes 
covered by Raoult’s and Henry’s Laws. These empirical equa- 
tions are frequently of considerable value in vapor pressure 
calculations. 


CHAPTER VII 
CONCENTRATED SOLUTIONS 


Mixtures of certain liquids, especially mixtures of substances 
which are closely related chemically, for instance, substances in 
the same homologous series, as benzene and toluene, follow 
Raoult’s Law very closely, so closely, in fact, that it is possible 
to derive the boiling-point curve of such mixtures from Raoult’s 
Law with a very small percentage error. 

Vapor-pressure Curves for Benzene-toluene.—Figure 12 shows 
the vapor-pressure curves of benzene and toluene between the 
temperatures of 60° and 110° C. It is possible to derive empiri- 
cal equations based on the Clapeyron equation which will repre- 
sent these vapor pressure curves very closely. 

The diagram on Fig. 13 shows the total pressure and partial 
pressure of benzene-toluene mixtures at different temperatures. 
For instance, the vapor pressure of pure benzene at 100°C. 
is 1,344 mm. The vapor pressure of pure toluene at 100°C. 
is 560 mm. On the diagram on [Fig. 18, the vapor pressures 
in millimeters are plotted as ordinates and the mol percentages 
of benzene are plotted asabscisse. (A mixture containing 30 mol 
per cent benzene is a mixture of 30 molecular weights of benzene 
and 70 molecular weights of toluene. Zero mol per cent benzene 
is equal to 100 mol per cent toluene.) The pressure of pure 
toluene, therefore, is plotted on the left-hand side of the diagram 
and the pressure of pure benzene is plotted on the right-hand side 
of the diagram, and a straight line, AB, is drawn, connect- 
ing these two pressures. _ A straight line is also drawn connecting 
the vapor pressure of pure toluene with a point representing 
0 mol per cent toluene, and 0 mm. pressure, shown by dotted 
line AC. In the same way, a line, BD, is drawn connecting 
the vapor pressure of pure benzene and the point representing 
0 per cent pure benzene and 0 mm. pressure. From Raoult’s 
Law, any point on the line AC represents the partial pressure of 
toluene in a mixture of benzene and toluene for any given compo- 
sition. Thus, a solution containing 50 mol per cent toluene will 
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have a partial pressure for the toluene of 280 mm. In the same 
way, DB represents the partial pressures of benzene in the same 
mixture and a mixture containing 50 mol per cent of benzene will 
have a partial pressure for the benzene of 673 mm. 
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Fic. 12.—Vapor pressure curves of benzene and toluene. 


Since the total pressure on the system is the sum of the indi- 
vidual partial pressures, the total pressure above such a mixture 
at 100°C. will be the sum of the two partial pressures or 953 mm. 
This total pressure is shown graphically by the straight line, AB. 
In the same way, the total pressures and partial pressures of 
mixtures of benzene and toluene can be drawn for different tem- 
peratures, and Fig. 13 indicates such lines for temperatures from 


CONCENTRATED SOLUTIONS 39 


60° to 110.4°C. The partial-pressure lines for the benzene have 
been omitted from the diagram since the partial pressure of the 
benzene can be obtained by subtracting from the total pressure, 
the partial pressure of the toluene, lines of which are indicated. 
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Fie. 13.—Partial pressure curves of benzene—toluene mixtures. 


Distillation of Benzene-toluene Mixtures.—Suppose, now, 
that the distillation of a benzene-toluene mixture is being con- 
ducted at a total pressure of 760 mm. The pressure correspond- 
ing to 760 mm. is indicated on Fig. 13 and it will be noted that 
it cuts total pressure line at 110.4°C. at 0 mol per cent benzene, 
at 100°C. 26 mol per cent benzene and at 90°C. 58 mol per 
cent benzene. 
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In other words, mixtures of these three compositions will have 
a total pressure of 760 mm. at the respective temperatures. 
Thus, these mixtures will boil at these temperatures under an 
external pressure of 760 mm. 

Boiling-point Curve for Benzene Toluene.—Fig. 14 shows the 
boiling-point curve of benzene, toluene mixtures at 760 mm. 
pressure, constructed from this data. Several intermediate 
points have been taken in order to determine the curve exactly. 
This boiling-point curve is indicated by the line ACB, where mol 
per cents benzene are plotted as abscisse, as before, and tempera- 
tures in degrees Centigrade are plotted as ordinates. This 
diagram is one of constant pressure and corresponds exactly 
to the Phase Rule Diagram discussed previously. Any point on 
the line ACB, therefore, indicates the boiling point of any 
composition at 760 mm. pressure. The partial pressure of 
toluene at 100° over a liquid boiling at this temperature at 760 
mm. is found to be 415 mm. as determined by the intersection of 
the dotted line HF (Fig. 13) with the partial pressure line AC, 
point EH being taken where the chosen temperature cuts the total 
pressure line, 760 mm. This means that over a solution con- 
taining 25.7 mol per cent of benzene, at 100°C., the partial pres- 
sure of toluene is 415 mm. Therefore, the partial pressure of 
the benzene will be the difference of 760 and 415 mm. or 345 
mm. Since the mol fraction of substances in the vapor state is 
proportional to the partial pressure, the mol fraction of toluene 


in the vapor above this solution will be equal to ap = 0.546. 
In the same way, the mol fraction of toluene in the vapor above 
a number of solutions of these two substances which boil at 760 
mm. pressure can be determined and some are tabulated in the 
following table. 


Teen peratine Composition of | Partial pressure Mol fraction 
the liquid of toluene of toluene 
105 12.5 567 0.746 
100 25.7 415 0.546 
95 40.3 285 0.375 
90 58. 173 0.228 
85 ae 85 0.112 
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Vapor Composition Curve.—It is now possible to construct 
a curve showing the composition of the vapor in equilibrium with 
any mixture of benzene and toluene boiling at 760 mm. pressure 
and such a curve will be found to have the form ADB in Fig. 14. 
The two curves meet at two points, A and B, the boiling points of 
toluene and benzene respectively. Therefore, the point EZ on the 
liquid line ACB indicates that a mixture containing 26.5 mol per 
cent of benzene will boil at 99.7°C. at 760 mm. pressure and the 
vapor in equilibrium with it will have the composition indicated by 
the point F at this temperature or 46.5 mol per cent benzene. As 


A 
7 EEE FEE 


ed 


Ie 


1a, | 
\ | | 
On ' D 


Temperature , Deg .Cent. 

& S = 
m 
LAA, 

Xs 

NY 

rd 1 

Y 

, AY 
a 
4S 
« —s 
y 
a 

i} , 

i} 


0) 10 20 30 40 50 60 70 80 90 100 
Mol Per Cent Benzene 


Tia. 14.—Boiling point curve for benzene-toluene mixtures. 


was pointed out before, if such a vapor were condensed it would 
boil at a temperature corresponding to the point G and would 
itself produce a vapor at some temperature corresponding with 
the point H. The relative ease of separating mixtures of benzene 
and toluene by the fractional distillation, therefore, may be indi- 
cated by the number of steps which would be required to pass 
from the point A, pure toluene, to the point B, pure benzene and 
in this case require approximately 14 or 15 such steps. It is 
obvious, of course, that it is impossible to produce absolutely 
pure A and B by such a process. 

Distillation Calculations.—It will be of advantage to calculate 
the quantity of liquid which must be distilled from a mixture in 
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order to change the composition from one point to another. This 
may be done graphically by the aid of Fig. 14. For instance, 
starting with 100 mols of a mixture containing 65 mols of benzene 
and 35 mols of toluene, the boiling temperature will be found 
from the diagram to be 87.9°C. Suppose such a mixture be 
distilled until the temperature has risen 1°C. or 88.9°C. The 
composition of the liquid boiling at this temperature, from the 
diagram, is 61.5 mol per cent benzene, and the composition of 
the vapor in equilibrium with it at this temperature is 79.2 mol 
per cent benzene. 

Between short temperature ranges, two curves, ACB and 
ADB may be taken to be straight lines. Therefore, the average 
composition of the distillate which is taken off between these two 
temperatures will be the average of the two extremes, 79.2, the 
final percentage and 82.1, the initial percentage, or 80.7. 


Let x equal the mols of benzene distilled and 
y equal mols of toluene distilled. 
ne will be the average mol fraction of benzene in 
the distillate, which is equal to 0.807 and 


65 — x : 
aoe ea = the mol fraction of benzene in the residue 


which is 0.615. This gives us two simultaneous equations, 
and solving for x and y we obtain 


se = aly 
y = 3.51 


The total distillate, then, will be the sum of these two or 18.21 
mols, leaving behind in the residue 81.79: mols which will have 
the composition 61.5 mol per cent benzene. 

Calculation of Boiling-point Curve from the Clapeyron Equa- 
tion.—The boiling-point curve at constant pressure of two 
liquids whose mixtures follow Raoult’s Law may be estimated 
algebraically in the following manner. 

The vapor-pressure curve of each liquid is represented over 
short temperature ranges by the integrated form of the approxi- 
mate Clapeyron equation 


L 
Inpo = —~pp t+ k 
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and the partial pressure of each component over the mixture by 
Raoult’s Law ; 

PD = PoXo 
where p is the partial pressure, po the vapor pressure and xo the 
mol fraction of the pure component at the temperature T 


_~ 2 h is the base of the Napierian 
52 +k) where e is the base o pieria 
Ps e(~ Rt ) logarithms or 2.718 


ee) 


If x is the mol fraction of the component (1), then 1 — x is the 
mol fraction of the component (2), and since the total pressure 
is the sum of the two partial pressures 

Le 


4a = wel Rt 


Ti 
RT + ki a ks) 


(ve ay ten 


where P is the total pressure, a constant. 

This equation contains two variables, x and T, and if either 
be fixed, it is possible to solve for the other. If T is known, 
the solution for x is simple. The solution for T when x is given, 
is, however, subject to approximation, as follows: 

(- ay e Ia 
Bae exe gcc aie (iene e 
e: and ek: are constants and can be designated as a and b respec- 


ii 
tively. at et) may be designated as e * which when ex- 
panded as a series gives 


<> 2 rae 3 
e-y =1+(-y) ee at ae + ete. 


substituting, neglecting powers higher than the second: 
Diet | rua fa 
P = xa| 1-7 (=) + (7s) | + - 9b 


eS ee Doni ieee ia 
E ; R fs) aE OR? Go) 


ee eae ie at loi ala =" OTs) | 


collecting like terms 


+ bLe? + x (ali? — bLe?)] 


te 
get? 
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where if x be given, the equation is in the form of a quadratic 
equation, and may be solved as such. 


ne : 
Since, however, Po IS a very small quantity, the second power 


may be safely dropped and the equation becomes 


| SP eee ee —aA [pies kein ea bay 


which is a first power equation in both x and T. A further 
simplification is often possible, when L; is nearly equal to Le 
and an average value is taken for both: 


=[- a b)] — pp lax + bCL — x)] 


fax + ie — x)] 
RIP ee arab) 

It will be found, however, that the use of this equation requires 
very precise data since the results are obtained from differences, 
and the use of the experimentally or graphically determined 
boiling point curves are therefore preferable. 

Mixtures of volatile liquids do not as a rule follow Raoult’s 
Law completely, and the variations are very irregular. 


T= 


CHAPTER VII 


SIMPLE DISTILLATION 


If a mixture of two volatile liquids is distilled, the distillate 
contains a greater proportion of the more volatile material than 
the residue, and as the distillation proceeds both distillate and 
residue become poorer in the more volatile component. This 
change in composition may be estimated quantitatively if the 
relation of the composition of the vapor to that of the liquid in 
equilibrium with it be known. As has been indicated above, 
the theoretical relations are usually difficult to handle, and 
empirically determined relations are frequently of value. 

The Distillation Equation.—Starting with a mixture of W parts 
of a mixture of A and B, containing a parts of A and W — a parts 


a 

of B, the composition of the liquid will be W with respect to A, 

and the composition of the vapor will be some function of the 
a 

composition of the liquid F a or F(x). Allow a differential 


amount d W of the mixture containing a differential amount of 
A, da, to be evaporated; there will remain as a residue W — dW 
parts of mixture containing a — da parts of A, and the compo- 


a seit da ERENT. 
sition of the distillate will be aw Therefore F(x) = aw or 
d( W. ; 

K(x) = — Simplifying this equation as follows: 

Wwdx + xdw 

ee ee 

dw (x) 
Wdx _ espe 
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The solution of the problem requiring the value for W when 
the composition of the liquid has reached the value x can then 
be found by evaluating this integrated equation. In order to do 
this there are several methods which may be followed. First, for 
small temperature and composition ranges the relation between 
the vapor and liquid may be approximately represented by a 
straight line, or F(x) = ex, where ¢ is some constant. 


WwW rs am neh 1 x 
In =| =e = In 


clearing of logarithms 


W (: i .: (F = 
= = iit OR (te 
Wo Xo Xo Wo 


Acetic Acid—Water.—The following data was taken from Lord 
Rayleigh,! giving the relation between the liquid and the vapor 
for mixtures of Acetic Acid and water. 


Composition of liquid | Composition of vapor 
(x) (y) : 
0.0677 0.0510 0.75 
0.1458 0.1136 
0.2682 0.2035 0.76 
0.3746 0.2810 
0.4998 0.3849 0.77 
0.6156 0.4907 
0.7227 0.6045 0.84 
0.8166 0.7306 
0.9070 0.8622 0.95 


This indicates that for values of x up to 50 per cent for acetic 


acid, such a procedure is safe. This was shown by an experiment 
as follows: 


Wo = 1,010 grams Xo = 0.0757 (7.57 per cent) 
W = 254 grams Assume c = .75 

( 254 So ee 5 x = 0.107 (10.7 per cent.) 
1,010 0.0757 


1 Phil. Mag.. 1904, p. 534. 
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Fig, 15.—Liquid-vapor composition curve for acetic acid-water mixtures. 
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The actual experiment showed x = 0.110 (11.0 per cent) which 
indicates the reliability of this method. 

The second method consists in finding an empirical equation 
for F(x). Construct a diagram as on Fig. 15, with composition of 
the liquid as abscissee and composition of the vapor as ordinates, 
and construct a curve OA from the data as given in the above 
table. The straight line OB represents the F(x) = 0.75x as used 
above. This data is of such a nature that it is not possible to fit 
one equation to the entire line, as it consists substantially of one 
curved section and one straight section. In this particular case 
the equation for the straight section will be as before y = 0.75x, 
while the curved section will have the form y + a = c(x + b)” 
where a, b, c and n, are constants which can be evaluated from 
data. It will be seen, however, that such an equation would be 
difficult to handle, and where precise results are required over a 
wide range it is better to use the third, or graphical method. 


Construct a plot of as ordinates and values of x as 


y—-x 
abscisse, as on Fig. 16. The measurement of the area under the 
curve between any two limits of x will therefore be the evaluation 


of the integral 


os ee 
{| = Oe and will be equal to Ln ie 
ee te a5s Wi 
Simple Condensation.—The relation between the weight of a 
mixture distilled and its composition derived above was based 
on the assumption that the portion distilled was removed from 
contact with the liquid immediately, so that equilibrium could 
not be established afterwards. It is possible to condense vapor 
in the same way, removing the condensate from contact with the 
Vapor as rapidly as it isformed. Analysis of this process leads 
to similar equation for the relation between the composition 
of the vapor and the weight condensed. 


WwW iE dy 
bhi = = 
Wo 5 Wah = 2S 


where W represents the weight of the vapor and y and x the 
compositions of the vapor and condensate respectively. 


CHAPTER IX 


FRACTIONATION 


The separation of two liquids from each other by fractional 
distillation may be accomplished in two general ways: first, the 
batch or intermittent method; and second, the continuous 
method. In the former method the composition and tempera- 
ture at any point in the system are changing continually, while 
in the latter, conditions at any point are constant. The latter 
method is, therefore, the easier to treat from a theoretical stand- 
point and will be taken up first. 

It will be recalled that a fractionating column consists of a 
system up through which vapors are passing, and down through 
which a liquid is running, countercurrent to the vapor, the liquid 
and vapor being more or less in intimate contact with each other. 
Furthermore, the vapor and liquid should be in equilibrium with 
each other at any point in the column, the liquid and vapor at the 
bottom of the column being richer in the less volatile component, 
than at the top. It is evident, therefore, that the action of such 
a column is similar to that of a scrubbing or washing column, 
where a vapor is removed from a gas which is passing up through 
the column, by bringing into contact with it, counter current, a 
liquid in which the vapor is soluble, and which will remove it from 
the gas. It will be advantageous to study the action of 
fractionating columns from this standpoint. 

Lewis’ Analysis.—The following analysis, is due to W. K. 
Lewis.! With it, it is possible to predict best operating conditions 
for fractionating columns and it gives a rational basis for compar- 
ing their relative efficiencies. Assume a column of the type 
indicated by the sketch (Fig. 17). 

A represents any suitable type of column, either of the plate 
or filled type, whose effective length is C. B represents a 
condenser, which condenses all of the vapors leaving the top of the 


1J. Ind. Eng. Chem., I. p. 522 (1909). 
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column, returning part of the condensate as reflux and delivering 
the remainder to a receiver as distillate. The column receives 
V, mols of vapor per unit time from some other part of the still, 
which is fed continuously with a liquid of uniform composition 
x, which when vaporized delivers the vapor V, which has the 
composition y,, where x is the mol fraction of the more volatile 
constituent in the liquid and y, that in the vapor. The reflux 
R,, returning from the bottom of the column to the source of 


Distillate 


Fia. 17.— Diagram of fractionating column. 


vapor, has the composition x}. The column delivers from the 
top to the condensers V; mols of vapor per unit time, of the 
composition y,, R, mols of which are returned to the column, and 
V. mols of which are withdrawn as distillate, both reflux and 
distillate having the same composition x, = ye. 

It is evident that equating input and output of the column 


Vo =V. + R, for the whole system and (1) 
Vo¥o = VeYe + Rox: for the more volatile component. (2) 


Combining these two equations and solving for x; 


a ~Vel¥o.= Yo) 
x1 = yp ~ Vee = Yo) (3) 
Considering a source of feed to the still of the fixed composi- 
tion Xo, the vapor in equilibrium with it, yo, is constant. Further- 
more, if the quantity and composition of the distillate V, and 
y. respectively are fixed, then x, the composition of the reflux 
from the base of the column is dependent upon the size of 
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Ro, the amount of this reflux. If Ro is large, the term Vel¥e = Yo) 


0 
is small, and x; approaches yo in value. In other words, the 
greater the amount of reflux, other things being equal, the more 
nearly will the composition of the reflux approach that of the 
vapor entering the bottom of the column. Conversely, the 
smaller the value of Ro, the smaller the value of x; Its min- 
imum value is, of course, the composition of the entering feed, xo. 
Solving the previous equation for Ro 


jee LOG ee): (4) 
(Yyo— xy) 

V., the weight of distillate from the still, will be greatest when 
there is no reflux, or when Ro = 0. Under these circumstances, 
no fractionation would occur in the column, and while the thermal 
efficiency would be a maximum, the fractionating efficiency 
would be zero. This is indicated by the equation, since when 
Ro = 0, and VY, is a finite quantity, (ye — yo) must equal zero. 
In the case of the total condensation being returned to the 
column, Ro is a maximum and V, = 0. The equation is then 
indeterminate, but differentiating with respect to Ro and x, gives: 


dRo os Veda 7 Yo) 
dx, (Yo = <n) 


(5) 


which, since y, is greater than yo, is a positive differential, and 
indicates that Ro increases with x;, and, therefore, has its maxi- 
mum, value when x; is a maximum or when x; = Yo and has its 
minimum when x; is a minimum, or when x; = Xo. 

Thermal Efficiency.—It is possible to calculate the thermal 
efficiency of a column, based upon the fact that a perfect column 
is one which returns a minimum of reflux to the source of vapor, 
which occurs when x; = Xo. This means that, if separation 
occurs in the column, the change in composition between the 
source of vapor and the bottom of the column must be a differ- 
ential quantity only, and that the change throughout the column 
must be differential also. Therefore, in the ideal column obtained 


(Yo ra Xo) (6) 


Vo = Ve Yo — Xo 
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by combining equations (1) and (3) and making x; = Xo. In 


V — x 
the ideal column — = Ye g 
c WO SH 2H 


, while in the actual column, 


a =e Jesse The thermal efficiency will therefore be 
Vie Vo x1 
Yo m X0- YR a1 ar (Ve <5 Xo) (Yo a X1) (7) 


My = 2 : Vola Coles Xo)a vou X1) 


Column Insulation—Working against thermal efficiency is 
separation efficiency. At any section of the column, n, the 
composition of the reflux (x,) to a lower point of the column n 
— An, is a function of the concentration of the vapor (y,) at 
the section n. It is evident, then, that the separation in the 
column between the sections n — An and n will be greater, the 
greater the difference between x, and y,—~an- In other words, 
for a given value of the latter, the former shouid be as large as 
possible. Equation (8) may be written 


VelVe = Vacan) (8) 
bhi 

Since x, will be the greater, the greater the value of R,_ ay, 
the fractionation in the column will be the greater, the greater 
the amount of reflux. This very important conclusion should 
lead to the complete insulation of the fractionating column 
against heat losses to the outside, in order to prevent condensa- 
tion occurring in the column itself, as maximum efficiency of 
separation will occur when the reflux is a maximum throughout 
the column. The best column should have its reflux entirely 
in the condenser above the column, and the entire reflux return- 
ing through the entire length of the column. 


Xn = Yn—An — 


CHAPTER X 


RATE OF FRACTIONATION! 


The height of a fractionating column or the number of plates 
required will be less, the greater the ratio of reflux to distillate. 
Conversely, the greater the number of plates, the less becomes 
the necessary reflux ratio. For an infinite number of plates, 
there will be a definite minimum reflux ratio, below which it is 
not possible to obtain the desired fractionation. 

Lewis’s Method.—F rom Eq. (4) there may be written for any 
plate, n, per unit time. 

Ra+1 = Ve oe (9) 
and the minimum value for R, +, will be obtained when the 
fractionation from one plate to the next approaches zero, or 
when x, = X, +1. For the ny, plate, therefore, the minimum 
reflux, Rj + 1, will be 

aan ee (10) 

The rate of increase in concentration of the liquid in the 
column from one plate to the next may be expressed by the 


2 5.5 OD 
differential, a therefore, 


aS soe ae (11) 


If, for purposes of simplification V, = 1, then combining Eqs. 
(9) and (11) gives 


Ye ex Yn 9 
a eae if eS dx or @! ) 
a Gdn 
dx 1 
ae An GQ ye 24a 13 
fee cigars ) ee o Yn) (13) 


4W. K. Lewis (not yet published). 
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‘Equation (13) gives the theoretical rate of concentration per 
plate in a fractionating column when conditions are perfect. 
Since columns are not 100 per cent efficient, the actual rate of 
concentration will be something less than the theoretical, it being 


d ; 
assumed that the ratio a (actual) = i (theoretical). Hqua- 


tion (13) then becomes 


ce (actual) = k(yn — Xn») — aa Gavan a4) 
This equation means that the rate of fractionation in a column 
is determined by five things: First, the efficiency of the column, 
k; second, the ratio of reflux to distillate, R; third, the composi- 
tion of the liquid on any plate, x,; fourth, the composition of the 
vapor above the liquid on the n™ plate, y,, and fifth, the 
composition of the distillate, yg. 


dn 
The reciprocal of a » that is, AS when integrated between any 


two limits of x, gives the actual number of plates which will be 
required providing k and R are known and y,, the composition of 
the distillate required, has been determined. Where columns of 
the filled type are used, and no plates are present, the same 
equation is applicable, the symbol n indicating some unit of 
length of the column, such as the foot. Thus, for a filled type 


column 16 ft. high, n would be 16, and = would represent the 


change in composition of the liquid per foot of height of the 
column. 

Illustration of Method of Lewis.—In order to illustrate the use 
of this method of calculating column sizes, the case of the 
separation of water and acetic acid will be considered. 

The relation between the vapor and liquid compositions fo: 
acetic acid (HA,) and water have been determined by Lord 
Rayleigh! (see page 46). In order to make use of this data, it is 
necessary to convert it from weight per cent to mol per cent. 
This has been done, making use of the apparent molecular weight 
of acetic acid vapor (approximately 104 as determined by the 
vapor density) instead of the formula weight (60), since it is neces- 


‘Phil. Mag., (6) 4 (1902), p. 521. 
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sary to have an equal number of mols of vapor, or reflux, passing 
all points of the column at any given instant, and the molal heats 
of vaporization of the two components must be approximately 
equal. In most cases, the formula weight is the same as the 
molecular weight, as in the case of water, ethyl alcohol, benzene 
and others. In such cases the formula weights are used in 
constructing the mol per cent chart. Acetic Acid, and a few 
other substances are unusual in this respect. Under these 
conditions R is the same at all points in the column. The 
resulting y vs. x curve is given in Fig. 18. 
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Fie. 18.—Vapor composition curve for acetic acid-water mixtures. 


Let there now be assumed a definite problem: To calculate 
the number of plates and the reflux ratio, required to fractionate 
a 40 per cent acetic acid solution, delivering a distillate of 12 per 
cent, and leaving a residue containing 80 per cent. 

Continuous Still.—The operation may be carried out by means 
of a continuous still or by means of an intermittent one. The 
case of the continuous still will be considered first. 

In Fig. 19 A represents the column of a continuous still with 
the feed liquor (40 per cent) entering boiling hot at some undeter- 
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mined point. Heat for vaporization is supplied by some suitable 
heating device B, the residue (80 per cent) leaving the bottom 
of the column at this point. The vapor passes to the condenser 
C, part of the condensate returning to the top of the column while 
the balance is drawn off as distillate at D (12 per cent). 


Distillate 


Residue 


Fig. 19.—Diagram of continuous still 


The operation of the column in a continuous still is complicated 
oy the fact that while the number of mols of vapor passing up 
through the column per unit of time is the same for all portions 
of the column, the number of mols of reflux passing in the 
opposite direction is increased at the feed plate by the addition 
of the entering feed. Thus for a reflux ratio above the feed plate 
of R, +1, the reflux ratio below the feed plate (Rm + 1) will be 
greater than R, + , by the amount of feed per mol of distillate, 
Ry. 

Ry Se oe, (15) 


Equation (14) will, therefore, not apply directly in a continu- 
ous column to the portion below the feed plate, but a similar one 


dk _ ay : k(R¢ — 1) : 
dm a K(Ym Xm) Be oH * (y rap ei (16) 
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making use of the concentration of the liquor leaving the bottom 
of the column (xy) may be substituted for it. In this equation 
m has the same significance as n, being used to distinguish plates 
below the feed plate, while n is reserved for plates above the feed. 

The point of entrance of the feed into the column was stated to 
be undetermined. Realizing that at this point m and n are the 


same, and since there must be continuity of operation at this 
ae. d : 
point, = and a must also be equal, then equations (14) and 
(16) may be equated to obtain the exact concentration at which 
the feed must enter, or 
= Wahine Ae Re) 
| SReRe a 


Furthermore the minimum reflux below the feed plate will become 


Dean So Oe (18) 


Ym — Xm 

In the problem selected it is first necessary to determine how 
the minimum reflux changes throughout the column, in order to 
select an actual reflux which will be big enough to satisfy all points 
in the column. Since the feed plate has not been determined, 
being dependent on the as yet unselected R, +1, it is necessary 
to calculate R! for the whole column on both the basis of above 
the feed plate and of below the feed plate. 

The following calculations will be based entirely on one mol of 
distillate, V, = 1, and with the apparent molecular weight of 
acetic acid as 104. 

The mol fraction of the HAc in the entering feed (40 per cent) 
will be 


(17) 


40 0.385 
Tod = 0-385 3715 = 0:1036 
6003.33) 

18 pomp 


That of the distillate (12 per cent) and the residue (80 per cent) 
calculated the same way, will be 0.0155 and 0.409 respectively. 
For one mol of distillate, the mols of feed, Rr, may be calculated 
by means of two simultaneous equations, where a = mols of feed, 
and b = mols of residue 
a—b = 1.0 area 28 7e=r he 
0.1036 a — 0.409 b = 0.0155 b = 0,287 
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The following table gives the calculated values of Ri4+1 and 
R!, +1, for values of x between the limits of which the column 
must work, using equations (10) and (18) respectively. The 
values of y were read from the x — y curve on Fig. 18. 


x vf eee Rte ae 
0.409 0.296 2.48 0.287 
0.350 0.245 2.18 0.448 
0.300 0.204 1.96 0.612 
0.250 0.168 1.86 0.8438 
0.200 0.133 1 7h: iL, 1S 
0.150 0.098 1.58 NP? 
0.100 0.066 1.47 2.89 
0.075 0.050 1.36 4.12 
0.050 0.0383 1.00 6.20 
0.025 0.0165 1.18 


Since the feed plate will probably be found to be below 
that point where x = 0.100, a selected value for the actual reflux, 
R, to be used should not be less than 2.89, so a value of 3.0 will 
be used. In case such a selection proves too small, a larger value 
must be taken, and the later work repeated. 

It was stated that the feed should enter at such a value of 


dx dx : : oe the 
x that eta, The simplest way to determine this point is 


d 
to construct a curve of oe vs. x and one of us vs. X, and the 
dn dm 4 
point of their intersection will give the value of x desired. 
dn ; 
dx Us: X in 
: ; : : dx dn 
order to obtain the integral of Eq. (14), the reciprocal of ie 
is plotted instead. The following table gives values of a and 


dx 
dm 
re for values of x, as calculated from Eqs. (14) and (16) respec- 


Since, however, it is necessary to construct a plot of 


tively, using a value of k = 0.90. 
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: : dn dim 
dx dx 
0.409 (PA Wh. AR eee —105.0 
0.350 OF24 5m tC aie ee eae eee — 11.8 
0.300 (O32 (4g ee. |e es A eee — 13.5 
0.250 ORIG Siar es re ee — 16.9 
0.200 0.1383 — 39.7 — 22.6 
0.150 0.098 — 45.0 — 35.7 
0.100 0.066 — 64.1 —101.0 
0.075 0.050 — 81.3 
0.050 0.0383 — 98.0 
0.025 0.0165 —136.0 


Acetic Acid - Water 
Reflux 3:1 | 
40% Feed , 12% Distillate 


dn 
Fia. 20.—Plot of qe 


d : 
These values of = and = when plotted against x, as shown 


in Fig. 20, cross at x = 0.1125, thus giving the composition of 
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the liquor on the feed plate, when R = 3.0. It should be noted 
that the composition of the liquor on the feed plate, and therefore 
the position of the feed plate, will change as the reflux ratio 
changes, increasing R, lowering its position, and vice versa. 


Number of Plates 
Minimum Reflux 


okie 


Reflux Ratio 


Fia. 21.—Curve showing relation between reflux ratio and number of plates. 
The number of plates required in the column, both above 
and below the feed, may now be determined by measuring the 
d d . 
area under the oe and ae curves. The area ABCD gives the 
number of plates above the feed (7.06 plates or 8) while the 


Point of Minimum 
Cost 


Costof Distilling One Mol.of Distillate 


i 
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! 
1 


Number of Plates in Column 
Fig. 22.—Optimum number of plates in fractionating column. 


area BCEF gives the number of plates below the feed (6.1 
plates or 7), the total number of plates required being 15. 

It should be noted that increasing R will decrease the number 
of plates until with infinite R, the number of plates will become 
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aminimum. The change in the number of plates with the change 
in reflux will, in general, give a curve resembling Fig. 21. 

The choice of the number of plates and the corresponding 
reflux actually to be used will depend upon an economic balance 
between the cost of the column, and the cost of steam or other 
heat and water for operating it. A small column will cost 
less, but the necessary large reflux ratio will mean a large steam 
and water consumption, whereas a large column, while giving a 
smaller heat consumption, will cost more. This may be illus- 
trated graphically in Fig. 22. 

Intermittent Still— The use of the intermittent still in the solu- 
tion of the problem of the separation of acetic acid and water 


Distillate 


Fia. 23.—Diagram of an intermittent still. 


requires a2 modification in the solution as outlined above. An 
intermittent still consists essentially of three parts—a kettle, 
a column, and a condenser, as illustrated in the above sketch. 
It differs from the continuous still in that a charge of a given 
amount of a given composition (40 per cent HAc, for instance) 
is placed in the kettle, distillation commences, and a distillate 
is removed continuously from the condenser until the residue in 
the kettle has reached the proper concentration (80 per cent in 
this particular case). During this distillation, the composition 
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of the charge in the kettle is continually changing, and, therefore, 
conditions in the column are changing also. It is possible to 
keep some things unchanged in such a distillation. The com- 
position of the distillate may remain constant, and under such 
conditions, the ratio of reflux to distillate will constantly increase. 
If the rate of vaporization in the kettle remains the same, the 
velocity of the vapor passing up through the column will remain 
approximately the same, and therefore the rate of distillation 
will continuously decrease. 

It is possible to keep the rate of distillation constant in addi- 
tion to keeping the composition of the distillate constant, by 
continually increasing the amount of vaporization in the kettle, 
but this is not a preferred method of operation, since the column 
is not working at capacity during the first part of the run. 

Assuming a constant vapor velocity in the column, the number 
of mols of vapor rising through it per unit time, will at any time 
during the run be expressed by the equation 


V.R + V, = constant (19) 


The minimum reflux R! at the start, if V, = 1, can be calculated 
from Eq. (10). 

_ 0.0155 — 0.0684 
~ 0.0684 — 0.1036 


The number of plates needed at the start of the distillation can 
now be calculated by means of Eq. (14), assuming R sufficiently 
greater than R! to give a reasonable number of plates, and 
knowing k, the plate efficiency. Therefore let 

R = 2.0 and k = 0.90 as before. 


The following table gives the results of the calculations: 


R} 


= 1.51 (20) 


: : dn 

dx 
0.1036 0.0684 —127 
0.100 0.066 —123 
0.075 0.050 —143 
0.050 0.033 —135 
0.025 0.0165 —138 
0.024 0.0155 —131 
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: Py cfaphiy dn 
The irregularities in the values of dx are due to errors in 


reading the x — y curve and in using differences therefrom. This 


a d 
data is shown plotted as a versus x on Fig. 24 and the integrated 
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Fie. 24.—Plot of a versus x. 


area under it is found to amount to 10.5 plates, the actual number 
required to produce 1 mol of 12 per cent HAc per unit time at the 
start of the distillation, when the reflux ratio is 2:1. 

The number of plates in the column having now been fixed 
at 10.5 (11 actual plates), and the distillation started, since the 
concentration of the acetic acid in the kettle is becoming greater, 
the value of R must increase, and the rate of distillation per unit 
time V,, must decrease so that V.R + V, = constant = 3.0. 
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The conditions under which the still will be operating at the 
end of the run will be as follows: 


Composition of liquid in the kettle = 80 per cent (0.409) 
Composition of distillate 12 per cent (0.0155) 
Reflux ratio, R, undetermined 


Rate of distillation per unit time, Vc, undetermined 
Number of plates constant at 10.5 
Plate efficiency assumed to remain constant at 0.90. 


It is now necessary to select several values for R, and using 


the terminal conditions stated above, obtain a curve of the cor- 

2 d : é : 
responding values of = using Eq. (14). This curve will pass 
through the value of 10.5 for the number of plates, thus giving 
the reflux ratio desired. The following table gives the results of 
such a series of calculations. 


R=2.5 | R=2.7 | R=2.9 | R=5.0 | R=7.0 
x y dn dn dn dn dn 
dx dx dx dx dx 
0.409 0.2960 | —100.0; —119.0| — 67.6; — 19.5) — 15.2 
0.300 0.2040 | — 53.8] — 42.3} — 39.3) — 19.1! — 16.1 
0.200 0.1330 | — 55.6) — 47.2} — 42.0) — 25.6) — 22.2 
0.100 0.0660 | — 80.7; — 72.3) — 67.2) — 46.5] — 41.5 
0.050 0.0330 | —111.0) —105.0} —101.0) — 82.0) — 76.0 
0.025 0.0165 | —137.0) —136.5}) —136.0| —134.0} —133.0 
0.024 0.0155 | —131.0) —131.0) —1381.0}) —131.0}) —131.0 
Number of plates........ 38.2 24.8 21.3 13.0 11.0 


The curve shown on Fig. 25 is this relation between R and n (the 
number of plates) for the end of this distillation. It is seen that 
this curve cuts the value of n of 10.5 at R = 7.3. In other 
words, the ratio of reflux to distillate at the end of this distillation, 
using a column with 10.5 (11.) plates is 7.3:1. 

Since V.R + V, = 3.0 and R = 7.3 


Tove +1 V=30 V. = 0.361 


The rate of distillation at the end will therefore be 36.1 per cent 
of that at the start, the composition of the distillate remaining 
constant at 12 per cent HAc. It is of interest to the designer of 
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intermittent stills to be able to predict the average rate of dis- 
tillation during a run. This may best be done by taking a few 
points between the initial and final concentrations of the liquid 
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Fic. 25.—Plot of reflux ratio versus number of plates. 


in the kettle and determining the proper value for R for these 
concentrations. It will then be possible to construct a curve of 
R vs. Xo (kettle concentration), and determine the average value 
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Fia. 26.—Plot of reflux ratio versus concentration in kettle. 
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of R by measuring the area under it. This has been done as 
follows: 
When xo = 0.300 


R= 2.5 2.7 2.9 5.0 7.0 
R = 5.9 when n = 10.5 
n = 19.4 172 15.9 13 9.9 
when xo = 0.200 
R= 2.5 Ber 2.9 5.0 Che 
pe = 3.8 when n = 10.5 
n = 14.3 12.9 122 9.1 8.2 


These results have been plotted on Fig. 26, and the area under 
the curve indicates that the average value of R = 4.87. The 
average rate of distillation is calculated as before. 

4.87V. + V. = 3.0 


V. = 0.51 


The average rate of distillation under these conditions will, 
therefore, be 51 per cent of the initial rate. 


CHAPTER XI 
DISCONTINUOUS DISTILLATION 


It has been pointed out previously that fractional distillation 
may be carried out either continuously or intermittently. The 
continuous process takes the material to be distilled continuously 
at a uniform rate and delivers the products of the distillation 
continuously. 

The discontinuous or intermittent process takes the material to 
be distilled in batches, each batch being completed before the 
next is started. 

Advantages of Discontinuous Distillation—The continuous 
system has the advantage that the concentration of components 
remains the same at any point in the system, while in the dis- 
continuous type the concentration changes progressively with 
the distillation. The discontinuous type is, however, much more 
popular than the continuous in a great many industries, since it is 
frequently possible to adapt a discontinuous still designed for one 
purpose, for use with other materials, with a considerable degree 
of success, whereas the continuous type of still, when designed 
for a particular product and for a particular capacity, frequently 
must undergo considerable re-arrangement in order to use it for 
other purposes. Furthermore, the discontinuous stills are of 
simpler design and construction, considerably less expensive to 
install, and frequently more suitable for small scale operations, 
where quality and quantity of the materials to be distilled are 
likely to be subject to frequent change. 

The discontinuous still] consists, ordinarily, of three parts, the 
first part, which may be called the kettle, where the boiling of 
the charge occurs, the fractionating device, which is usually in 
the form of a fractionating column, and the condenser. 

The Kettle.—The function of the kettle is to hold the charge to 
be distilled, to bring it into contact with the source of heat so 
that it may be vaporized, to permit disengaging space for the 
separation of the vapor from the liquid, and to act as a receptacle 
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for the less volatile residual product of the distillation. The 
kettle is usually in the form of a tank of either horizontal or 
vertical cylindrical construction, the smaller sizes being vertical 
and the larger sizes being horizontal. On the smaller kettles, 
the heating is frequently done by means of a jacket surrounding 
the lower portion of the kettle, while on the larger vertical and 
on all of the horizontal types of kettles, the heating is done 
by means of internal coils. Where open steam is introduced in 
addition to the closed heat supply, a perforated sparger pipe 
is used in addition to the other heating surface. The kettle 
must be fitted with connections for introducing the charge, 
for dumping the distilled residue, for the passage of the vapor 
from the kettle to the fractionating device and for the return of 
the reflux from the fractionating device to the kettle. The 
larger sizes are also fitted with other accessories such as pressure 
gages, thermometers, gage glasses for determining the level of 
liquid in the kettle, vacuum or pressure valves, manholes and 
other necessary accessories. 

The size of the kettle is a function of the amount of material 
to be handled per charge, the time in which each charge is to be 
distilled and the behavior of the charge during distillation, so far 
as foaming and excessive entrainment may occur. The heating 
surface required in the kettle is also a function of the amount of 
material which must be distilled per unit time and, in 
addition, is dependent upon the difference in temperature 
between the heating medium and the material which is being 
boiled, the physical characteristics of the heating medium and 
the charge, and a number of other factors, dependent upon the 
design of the kettle and the heating surface. These factors will 
be discussed later. 

The Column.—The fractionating device, which receives the 
vapor from the kettle, is usually, but not necessarily, in the form 
of a fractionating column. The function of this device is to 
hold back the less volatile component of the vapor from entering 
the bottom of the column, allowing the more volatile component 
to pass off from the top to the condenser where it is to be collected 
as distillate. As has been noted previously, the action of the 
column is, to a certain extent, similar to that of a scrubbing 
column, where the less volatile component is scrubbed out of the 
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vapor by a descending column of liquid known as the reflux. It is 
necessary, therefore, in order to obtain efficient fractionation, 
that the descending reflux and the ascending vapor remain in as 
intimate contact with each other as it is possible to obtain during 
any passage of the vapor up through the column. Furthermore, 
it is to be noted that the action of a scrubbing column of this 
type is essentially a countercurrent action and any designer of a 
fractionating column should keep this countercurrent effect in 
mind, since true countercurrent action in any sort of a process of 
heat interchange such as this, is necessary in order to obtain best 
results. 

Furthermore, it has been pointed out that most efficient results 
are obtained when the quantity of reflux passing down through 
the column is a maximum throughout the entire length of the 
column. Therefore, the best type of fractionating device would 
be that type which depended entirely for its supply of refluxing 
liquid from a reflux condenser situated above the column, and 
which itself suffered no loss of heat and therefore intermediate 
condensation throughout its length. 

It is the object of designers of distilling equipment to produce 
this intimate contact required in the fractionating column, 
and other things being equal, the value of each fractionating 
device depends upon the degree of contact which has been 
obtained. 

Filled-type Columns.—In general, fractionating columns may 
be said to consist of cylindrical shells filled with distributing 
material which breaks the descending current of liquid up into 
thin streams and brings the ascending current of vapor into 
intimate contact with these streams. The earliest type of 
column, and one which is still used to a large extent, consists of a 
cylindrical shell filled with pieces of inert solids, usually small 
irregular pieces of stone, porcelain, coke and other similar mate- 
rials. This type of column is similar to the fractionating device 
which is used in the Chemical Laboratory, which consists of a 
glass cylinder filled with a large number of small glass beads. 
This type of column is inexpensive to construct and, for many 
purposes, will furnish sufficiently good fractionation. It, how- 
ever, tends to form channels; that is, the vapor will tend to pass 
up through one portion of the cross-section of the column while 
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the liquid may tend to descend through another portion of the 
cross-section, thus defeating the purpose of bringing the liquid 
and vapor into intimate contact with each other. 

In filled types of columns of this sort, channeling is, to a certain 
extent, overcome by using filling material of a uniform nature, 
such as specially made stoneware shapes which when carefully 
packed into the column by hand, insure even distribution of 
vapor and liquid. Such filled types of columns are frequently 
used in the distillation of acids such as nitric and sulphuric 
acid and are very successful for such purposes. It must be 
remembered, however, that even under the best circumstances, 
the contact between vapor and liquid in such columns is poor, 
and therefore they should be used only where it is a relatively 
simple matter to separate the more volatile from the less volatile 
component. 

Raschig Rings.—Another variety of fractionating column of 
the filled type has for the filling material, small cylindrical rings 
or tubes, the length of each ring being equal to its diameter. 
These rings are known as Raschig rings from their inventor, and 
are rapidly displacing other types of filling material for this type 
of column. These rings are not packed carefully into the 
columns, but are dumped in, and owing to their dimensions and 
shape, form a fairly uniform packing with very little opportunity 
for liquids and gases to channel. They have the further advan- 
tage of offering a very large surface wet with the liquid and 
exposed to the action of the vapor and there are no pockets where 
liquid may be caught and held from running down. 

Pressure Drop in Columns.—The filled types of columns are 
particularly useful where the drop in pressure through the column 
must be very small. The other types of columns, consisting of 
trays and plates holding layers of liquid, necessitate a consider- 
able drop in pressure in order to overcome the static head of the 
liquid on the plates. In systems which operate under very small 
pressure drops such as scrubbing and washing systems, where the 
gas passing through the column is delivered by ventilating fans 
which operate under very low pressure heads, or in the case of 
high vacuum distillation, where a slight change in pressure would 
mean a considerably greater change in the temperature of the 
material in the still, great pressure drops must be avoided and the 
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filled type of column, which has no static head of liquid to over- 
come, is the one usually selected for this purpose. 

The use of filled types, however, constitutes a very special 
branch of distillation industry and they are not commonly found 
in connection with fractionating stills. 

Plate Columns.—Fractionating columns are usually built up 
of superimposed sections separated by plates, the plates being so 
constructed that the vapor passes through them and comes into 
contact with liquid which is resting on the plate. The plates are 
so constructed that the reflux discharge from the plate above on 
to the plate below overflows from this plate by means of a suitable 
overflow pipe to the plate below it, while the vapor passes up 
from one section, through the plate, through the liquid on the 
plate into the next section and soon. The plates in fractionating 
columns differ from each other chiefly in the design of the devices 
by which the vapor and liquid are brought into contact with each 
other. 

Perforated Plates.—The simplest type of plate is the perforated 
plate where a large number of small holes are drilled in the plate 
and the vapor passes up through these holes, the pressure of the 
vapor preventing the liquid from running down through them. 
There is a suitable overflow pipe for the liquid oneach plate to 
enable it to get from one plate to the one below it. Such plates 
are very efficient if the holes through which the vapor passes are 
very small and very close together. They, however, must be oper- 
ated at such a velocity that the pressure of the vapor underneath 
the plate is greater than the static head of liquid over the plate, in 
order to prevent the liquid from running back through the vapor 
openings. This means that such plates cannot operate success- 
fully at less than a definite vapor velocity. Furthermore, these 
plates have the disadvantage that if they are operated too 
rapidly, the vapor tends to lift the liquid off of the plate, thus 
interfering with the good contact between the liquid and vapor 
‘and destroying the efficiency of the fractionation. 

There is still another difficulty with these plates, which is 
especially true in columns of great diameter. If the plates are not 
perfectly horizontal, the liquid will collect at the lower side of the 
plate and therefore the depth of liquid at that point will be 
greater than at the higher side of the plate. This will mean that 
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the static head over the lower portion of the plate is greater than 
that at the higher portion and since the vapor will tend to pass 
most rapidly through that portion of the plate where the static 
head is less, the result is that the vapor passes up through the 
higher side of the column while the liquid remains on the lower 
side of the column and poor contact between the liquid and vapor 
is obtained. Furthermore, the holes are easily clogged up with 
solid matter. These difficulties with the perforated plate type of 
column have gradually led to its abandonment in most industries. 
It is, however, retained in certain industries which will be 
mentioned later. 

Perforated Plates for Suspensions.—The next improvement in 
the plate type of column consisted in forming a lip over the 
perforations in the perforated type column so that the vapor 
passing through the perforation, instead of rising vertically 
through the liquid above, was directed horizontally by the lip 
over the hole, so that it spread itself into more or less of a thin 
sheet of vapor before rising through the liquid, and therefore 
came into much more intimate contact with the hquid. This 
design has been found to be much more efficient than the per- 
forated plate type on this account. It has the added advantage 
that if there are solids in suspension in the liquid passing down 
through the column, the high velocity of vapor passing out under 
the lip tends to keep the plate scoured clean around the opening. 
This is particularly advantageous in the distillation of brewery 
mashes and similar mixtures. This type has, however, the other 
objections of the perforated plate design. 

Bell-type Plates.—The next improvement in the plate type 
of column consisted in forming a permanent seal of liquid on 
each plate. This was done by placing rings around the holes 
through the plate so that the liquid could not fall below the level 
of the upper edge of these rings. Covers were then placed over 
the rings, the edges of which dipped down under the surface of 
the liquid. The vapor passing up through the plate over the 
top of the ring, had to pass under the edge of the cover; in other 
words, it had to bubble through the liquid in order to escape into 
the space above. 

The earliest designs of this type had a relatively small number 
of long rectangular slots on each plate, the slots covered with long 
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covers of the same shape. A cylindrical column would frequently 
have four such slots, two long ones and two short ones. The 
area of contact of liquid and vapor, therefore, could be taken 
substantially as the sum of the perimeters of the rectangular 
covers on the plate, and the capacity of the column would be a 
function of this area of contact. 

Another design which was frequently seen had instead of 
several rectangular openings in the plate, one large circular 
opening in the center covered with a large circular cap, dipping 
down into the liquid surrounding the opening. The edges of 
this cap were frequently made serrated to furnish a greater 
surface of contact between the liquid and the vapor. The 
serrated edges assisted in breaking up the large bubbles of vapor 
which escaped up into the liquid, into a number of smaller ones, 
and increased the area of contact toa considerable degree. Since, 
however, the capacity and efficiency of fractionating columns 
depends upon the intimate contact of vapor and liquid, it was 
realized that if instead of a few large openings in the plate, 
a large number of smaller openings were employed, this area of 
contact would be much increased and therefore modern design 
has adopted the so-called cap-type plate and it is used almost 
exclusively in nearly all industries. 

Modern Cap-type Columns.—This cap type consists of a 
relatively large number of small caps over suitably spaced open- 
ings in the plate, the liquid being prevented from running down 
through these openings by suitable rings, the edges of the caps 
being sealed in the liquid. 

Another improvement which has done much to increase the 
efficiency of the plates has been the cutting of slots in the sides 
of the caps underneath the surface of the liquid, so that the 
vapor would pass out through the slots instead of bubbling out 
underneath the edge of the cap. By making these slots fairly 
small and cutting a large number around each cap, the area 
of contact between the vapor and the liquid has been increased 
to a very great extent and the consequent capacity of the column 
increased in like proportion. The most up-to-date designs of 
fractionating stills invariably use this type of column. 

Overflow Pipes.—The liquid running down through the column 
must be supplied with suitable overflow pipes so that it will flow 
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from one plate to the one below it, and these may be either 
internal or external. The internal overflow pipes consist of tubes 
projecting through the plate to a definite level above the plate 
and the level of liquid on the plate is determined by the height of 
the projection of this overflow pipe above the plate itself. The 
pipe then passes down to the plate below and discharges under- 
neath the level of liquid on the lower plate, thus being sealed 
against passage of vapor through it in the opposite direction. 

The external overflow pipes withdraw the liquid from the 
side of the column and deliver it underneath the level of liquid 
on the plate below. The external type have very little advantage 
for most work and have been gradually displaced by the internal 
downpipe design. 

Usually, the overflow from one plate is diametrically opposite 
the overflow from the lower plate to the one below it, so that the 
liquid running onto the plate at one point, flows diametrically 
across the plate to the overflow pipe, thus tending to bring the 
liquid into contact with a greater proportion of the area of the 
plate. In large columns, however, it is questionable if the por- 
tions of the plate at right angles to the center of the diameter, 
representing the flow of liquid from one downpipe to the next, 
receive as much of the liquid as they should. In other words, 
there is the opportunity for the liquid to short-circuit directly 
across the plate rather than spreading out uniformly over the 
whole area. To overcome this difficulty it is sometimes neces- 
sary to place partitions on the plates which direct the flow of 
liquid from one downpipe to the other. These partitions often 
are so arranged that the liquid passes back and forth along the 
partitions several times before finally reaching the opposite 
side of the plate to the downpipe. This method of partitioning 
is of particular advantage in fractionating columns 4 ft. in 
diameter and greater. 

Efficiency of Columns.—Experiments performed at the 
Massachusetts Institute of Technology have shown conclusively 
that the efficiency of a fractionating column isnot only a function 
of the intimacy of contact between the liquid and vapor, but it 
is also a function of other factors, notably the velocity of vapor 
through the column.7 In the first place, other conditions being 
constant, equilibrium between the vapor and the liquid will be 
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more nearly obtained the greater the time of contact between 
them. This, of course, is obvious, as it merely indicates that the 
larger the column, the more efficient it becomes. In the same 
way, the greater the length of time the vapor or the liquid remain 
in the column, the longer will be their time of contact with each 
other. In the plate type of column, increased time of contact 
for the liquid is obtained by increasing the depth of liquid on the 
plates. This is done by raising the height of the rings and over- 
flow pipes. 

Another advantage of the greater depth of liquid on the plates 
lies in the fact that the bubbles of vapor passing up through the 
liquid will remain in close contact with it for a greater length of 
time. It has been shown, however, that when a bubble of vapor 
emerges from an opening into a liquid, the vapor in the bubble 
near the surface reaches equilibrium practically instantaneously 
with the liquid surrounding the bubble, and that the vapor in the 
interior of the bubble, not being in contact with the liquid, does 
not come into equilibrium with the liquid except by diffusion of 
the vapor from the surface of the bubble to the interior and from 
the interior to the surface. Therefore, if a bubble be introduced 
into a liquid, it immediately assumes a spherical shape and if 
allowed to rise through the liquid untouched, practically no 
further reaction will occur during the greater portion of its 
travel through the liquid than occurred immediately upon its 
first contact with the liquid, since the rate of diffusion of the 
vapor in the inside of the bubble is very slow. In other words, 
in a plate type column, depth of liquid above a certain amount 
has no particular advantage insofar as increased time of contact 
of the vapor with the liquid is concerned, if the bubbles are 
allowed to rise undisturbed from the point of entrance into the 
liquid to the surface of the liquid. It has been found, however, 
that if the bubble be deformed in any way during its passage 
through the liquid that a fresh portion of the vapor is thereby 
brought into contact with the surface of the bubble and 
equilibrium of another portion of the contents of the bubble with 
the liquid is thereby immediately established. 

It should be the object of the designers of the plates in a 
fractionating column to subject the bubble during its passage 
through the liquid to as much deformation as is possible. ‘This 
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can be accomplished by several means. In the first place, the 
bubble may be forced very violently through the opening into the 
liquid. This violent contact of the vapor with the liquid means 
that the vapor will be deformed by friction during its passage 
through the liquid and additional contact may be obtained. 

Furthermore, if the caps of a cap-type plate are fairly close 
together, the bubbles passing through the openings or under the 
edge of one cap will be thrown violently against the bubbles 
coming from the adjacent cap, and the two bubbles coming into 
contact with each other will suffer considerable deformation and 
therefore the contact of liquid and vapor will be increased at this 
point. Furthermore, violent agitation of the liquid on the plates 
by the bubbles will cause the liquid to be thrown into the air in 
the form of drops. These drops coming into contact with the 
vapor will tend to reach equilibrium with the vapor just as the 
bubbles in the liquid tend to react. 

Maximum Velocity.—These several effects all show the great 
advantage of having very high velocity of vapor where it comes 
into contact with the liquid, and tests have shown that the effi- 
ciency of a column rises with the velocity of the vapor and its 
efficiency rise increases until such a point is reached that the 
liquid is forced off of the plates entirely by the rush of vapor, 
under which circumstances, the area of contact is decreased and 
the efficiency drops off. This maximum velocity, however, for 
cap-type columns is far in excess of any normal operating veloc- 
ity. Of course, the more rapid the travel of vapor through the 
column, the shorter the time it is in the column and therefore the 
time of contact is less and this must be considered in the design 
of suitable fractionating device. 
~~ One method of obtaining high vapor velocities is to diminish 
the size of openings through which the vapor passes. Another 
method is to increase the quantity of vapor which passes through 
the column, but in either case, increase in velocity is at the 
expense of increased back pressure, according to the general 
equation, V? = 2gh. As was previously pointed out, frequently 
columns must operate under very low back pressure and therefore 
the velocity of the vapor which it is possible to obtain is necessar- 
ily limited. On the other hand, in most distillation work it is 
possible to utilize almost unlimited pressure to drive the vapor 


DISCONTINUOUS DISTILLATION UE 


through the column and therefore to obtain very high vapor 
velocities. 

Summing up, for general purposes, the most efficient fractionat- 
ing column is the one which offers the greatest surface of contact 
between the liquid and the vapor and which has the highest vapor 
velocity where the vapor comes into contact with the liquid. 

The Condenser.—The vapor leaving the column then passes to 
the condenser. The condenser has two and possibly three func- 
tions: In the first place, it must supply reflux for the column. In 
the second place, it must condense the distillate which is dis- 
charged from the still, and in the third place, it may assist the 
column in fractionating the vapor. 

The function of the usual type of condenser as a fractionating 
device is a function which should not be allowed to occur, but 
which, unfortunately, does often occur in many designs of stills. 

The contact between liquid and vapor in a condenser is very 
poor. } Most condensers are of tubular design where the cooling 
medium and the vapor are inside and outside of the tubes respect- 
ively, Jor_the reverse. Under these circumstances, the vapor 
condensing on the cold surface of the tubes runs down the surface 
of the tubes while the remaining vapor passes in between the 
surfaces, keeping out of contact with the condensed vapor as 
much as possible. This means that one necessary feature of an 
efficient fractionating device is not complied with in the condenser 
used for this purpose. 

In the second place, condensers must condense differentially 
and the reflux from the top of the condenser is constantly aug- 
mented by additional condensed vapor as it passes down through 
the condenser until the reflux at the bottom isa maximum. This 
violates the second rule for efficient fractionating devices. 

It is, true therefore, theoretically, and it has been found prac- 
tically, that by far most efficient results are obtained when as 
much as possible of the fractionation is required to take place in 
the fractionating column and as little as possible allowed to occur 
in the condenser. This leaves but two functions for the con- 
denser to perform, that of furnishing the reflux and that of con- 
densing the remaining vapor to form the distillate. There is no 
reason why one condenser of size sufficient to take care of both of 
these functions should not be used to complete the still. 
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Multiple Condensers.—In most cases, however, modern stills 
are fitted with two condensers operating in series, the one nearest 
the column known as the dephlegmator which functions as the 
reflux condenser, and the second one condensing the balance of 
the vapor for the distillate. 

The use of two condensers in this way, no doubt, originated 
from the old practice of allowing the condenser to assist in the 
fractionating, and the dephlegmator was then a finishing device 
for the column as well as a refluxing device. Operators are 
accustomed to run stills with the two-condenser system and that 
type is still preferred in many industries, but is gradually being 
displaced by the single condenser system. It should be remem- 
bered that wherever condensation occurs, enrichmeut of the 
vapor takes place, and therefore the reflux condenser has a 
definite fractionating action. This is, however, small compared 
with the total fractionation obtained. 

Designers of stills have admitted the fallacy of the double- 
condenser system by placing what is known as a regulating bottle 
on the discharge from the second or final condenser. This 
regulating bottle is a device for returning to the column along 
with the reflux from the dephlegmator, a portion of the distillate 
condensed in the final condenser, when insufficient fractionation 
is being obtained in the column or greater capacity is desired, 
the effect being an increase of the total amount of reflux and, 
therefore, the greater the fractionating power of the system. Of 
course, this at the same time cuts down the rate of discharge of 
the distillate and the net capacity of the system. 

Problems in Condenser Operations.—Condensers operate 
under many difficulties. Some of the difficulties are similar to 
the difficulties under which the heating coils in the kettles of the 
stills operate. They also have difficulties peculiar to themselves. 

The cooling medium for condensers is usually water, although 
in some cases, especially in the case of continuous stills, the 
incoming cold feed is used as a cooling medium whereby the feed 
is heated to a temperature approaching its boiling point. Under 
these circumstances, of course, it is perfectly proper to have two 
or more condensers in series, since the cooling water in the final 
condenser and the feed in the preliminary condenser can be kept 
separate. Cooling water, however, may be and usually is dirty, 
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and the feed in the feed heaters may contain materials which 
precipitate upon heating so that the heating surfaces become 
incrusted with scale, dirt, etc., rendering them much less efficient. 
Consequently, the heating surfaces of such condensers have to be 
cleaned at intervals and the designer of the still must bear in 
mind this contingency. 

Air in Condensers.—Furthermore, most condensers on stills 
operating at atmospheric pressure, discharge into the open air, so 
that the air is present in the condenser to a greater or less extent, 
as will be shown later in discussing the design of heating surfaces. 
The presence of air with the vapor diminishes the efficiency of the 
condenser to a very great extent. 

Condensers are frequently called upon to serve as coolers, and 
in the case of very volatile liquids such as ether, methyl alcohol 
and acetone, where it is necessary to produce a cold distillate, 
condensers working as coolers must cool the distillate down to 
very nearly cooling water temperature. Sometimes it is neces- 
sary to use brine in addition to cooling water in a separate con- 
denser or cooler, where the temperature of the cooling water is not 
low enough to cool the liquid satisfactorily, as is often the case 
during the summer in relatively warm countries. 


CHAPTER XII 


THE DESIGN OF A DISCONTINUOUS STILL 


The previous chapter has described in a general way, the 
essential features of the discontinuous fractionating still. An 
example of the design of such a still will now be taken up to show 
in more detail just how the essential points are taken care of in 
this connection. 

Separation of “Light Oil.”—It is required to design a dis- 
continuous still to separate light oil into its relatively pure 
constituents. Light oil is the more volatile fraction from coal tar 
in the destructive distillation of coal and consists essentially of 
benzene, CsH., toluene, CsH;CH3, and xylene, CsH4(CHs3)2, 
numerous impurities such as other types of hydrocarbons and 
carbon bisulphide (C82) in greater or less proportion. 

Capacity.—The still is expected to handle 1,000 gal. per day of 
this material. The light oil may be considered to contain 1 per 
cent of carbon bisulphide, 75 per cent benzene, 10 per cent tolu- 
ene, 10 per cent xylene and the balance, hydrocarbons of higher 
boiling point than xylene. Since the still must handle 1,000 
gal. per 24-hr. day, enough time must be allowed during the 24 
hr. to fill the kettle with the charge, heat the charge up to the 
boiling point, boil off the respective fractions, dump the residue 
from the kettle and clean the kettle out, if necessary, in pre- 
paration for the next charge. It is customary in large scale 
discontinuous distillation to handle two days’ output as one 
charge as this means considerably less labor and time lost in 
filling and emptying and heating up. The kettle, then, must 
have a working capacity of twice 1,000 or 2,000 gal. of light oil. 

Size of Kettle—Light oil is a liquid which does not foam 
appreciably when boiling so the disengaging space for vapor in 
the kettle need not be unusually great. Under these cireum- 
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stances, it would be good practice to construct the kettle of such 
size that 2,000 gal. would fill it two-thirds full. In other words, 
the gross capacity of the kettle would be 3,000 gal. Such a 
kettle must have a contents of 400 cu. ft. A suitable size would 
therefore be a horizontal cylindrical, 6 ft. in diameter and 14 ft. 
long. These dimensions would be modified to a greater or less 
extent since cylindrical steel kettles of this type come in standard 
sizes, and dimensions will be selected to conform to such 
standards. 

Heating Surface in Kettle.—The next thing to estimate would 
be the heating surface required in this kettle which would be in 
this case in the form of a coil, using high-pressure steam as a 
heating medium. 

The boiling point of benzene is approximately 80°C., that of 
toluene 111°, xylene (a mixture of three, ortho, meta and para 
xylene) boils between 138° and 143°C., while the higher boiling 
residue in the light oil might run as high as 160°C. It will there- 
fore be necessary to use steam of a pressure high enough so that 
the highest boiling fraction, that is, the residue, can be boiled. 
One hundred and sixty degrees Centigrade or 320°F. corresponds 
to 89.7 lb. per square inch absolute steam pressure or 75 lb. gage 
pressure. The coil, then, should be designed to work, including 
a factor of safety, at 100 lb. steam pressure and it probably would 
be found necessary to run the gage pressure on the coils up as 
high as 80 lb. before distillation was completed. 

Methods of Operation.—The distillation may be carried out in 
several ways, since there are several points of control in a discon- 
tinuous system. First, the steam pressure may be controlled; 
second, the amount of cooling water to the condensers may be 
controlled; third, the amount of reflux from the condenser to the 
column may be controlled, or any combination of the three. 

In designing a still, therefore, it is essential that certain defi- 
nite operative conditions be pre-supposed and the design based 
upon these, and later, if modifications as to design are advisable, 
it is possible to make changes necessary. 

Good practice in distillation work of this sort keeps the flow of 
water through the condenser constant and controls the steam 
pressure and the amount of refiux from the condenser to the 
column. The 1,000-gal. charge should be so arranged that it 
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can be introduced into the kettle in a time not over one hour. 
It ought to be possible to discharge the residue from a kettle 
in 14 hr. 

Cleaning Kettle—Light oil, which has been subjected to a 
preliminary distillation to separate it from the tar contains small 
amounts of tar which have been carried over as entrainment and, 
therefore, there will be a certain deposition of tar on the heating 
coils in the kettle, together with other material which may 
separate out. This coating of the coils is, however, not excessive 
in this case and it should not be necessary to clean out the 
kettle more than once a month, say every 20 days. Since the 
washout operation would consume a day, 5 per cent of the opera- 
tive time must be written off for this purpose, or approximately 
1 hr. per day charged up for cleaning. The total time, therefore, 
for filling, dumping and cleaning, 214 hr. per day must be sub- 
tracted from the 24 hr., leaving 2114 hr. available for heating up 
the charge and distilling it, or, on the 2-day basis, 43 hr. out of 48. 

Rate of Heating of Charge.—The rate at which the contents 
of the kettle will be heated will depend upon the size of coil and 
the steam pressure within the coil, and since the size of coil is 
principally a function of the rate of distillation, it is customary to 
calculate approximately the size of coil needed, assuming a 
given time required for heating up the charge, and from these 
first approximations, calculate the time of heating and the actual 
coil to be provided. It should be possible to heat such a charge 
to the boiling point in 3 hr., leaving 40 hr. during which the actual 
distillation must take place. 

Method of Distillation—The method of distillation is as 
follows: First, cooling water is turned on the condenser so that 
it is certain that the condenser is operating at its lowest possible 
temperature. The liquid in the kettle which is now heated to 
the boiling point sends vapors up through the column which is 
dry and cold. The cold column will, of course, condense these 
vapors and the liquid will gradually fill the plates. 

Carbon Bisulfide Fraction——The first fraction which comes 
over is the carbon bisulphide fraction. Carbon bisulphide boils 
at 46°C., and in the light oil which has been assumed for this cal- 
culation, there are about 20 gal. of this very volatile material. 
The benzene fraction, which is the one following the carbon bisul- 
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phide, should be separated, if possible, entirely from the carbon 
bisulphide; in other words, it would be desirable to have all of 
the carbon bisulphide distilled over and withdrawn from the 
system before any of the benzene is allowed to come over. 
This means that there must be a very perfect separation or cut 
between the carbon bisulphide and the benzene fractions. As 
has been pointed out previously, to obtain a perfect separation is 
impossible and to obtain anywhere near a perfect separation 
would require a fractionating device of absurdly large size if 
the fractionation is carried on automatically, but it is possible 
by means of reflux control to obtain substantially a sharp cut 
between the two fractions with a fractionating apparatus of 
moderate size. The method by which this is done is as follows: 

Total Reflux.—The vapor passing up through the column and 
collecting there is at first mostly carbon bisulphide, but contain- 
ing a certain amount of benzene, depending upon the degree of 
fractionation obtained. Suppose, now, the reflux control 
at the condenser is so arranged that no distillate is taken from 
the system and all of the vapor which comes to the condenser is 
returned as reflux to the column. Since the vapor leaving the 
top of the column and going to the condenser is richer in the more 
volatile component than the liquid at the top of the column, the 
reflux which is returned to the top of the column will be, therefore, 
richer in the more volatile component than the liquid 
with which it mixes, thereby increasing the proportion of volatile 
component on the top plate. Continuing, as the composition of 
the liquid on the top plate increases in the more volatile compo- 
nent, the effect will be felt on the plate below, and after the distil- 
late from the condenser has been returned to the column for a 
considerable length of time, the effect will be that all of the plates 
in the upper portion-of the column will contain substantially 
nothing but the more volatile component. When this condition 
has been reached, if the valve leading from the condenser to the 
receiver for distillate is then opened, the first portion of vapor 
which comes over will be that liquid which has collected on the 
plates in the upper portion of the column and will, therefore, be 
practically pure component. 

When the contents of the column have distilled over in this 
manner, there will be a sudden break in the composition of 
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the distillate and when this break occurs, the fraction is shifted 
and a small intermediate fraction is then recovered in a separate 
distillate receiving tank. If this method of complete reflux of 
the distillate were not practiced, the amount of intermediate 
fraction between any two pure fractions would be very greatly 
increased. In the same way, when the benzene has been nearly 
all distilled over, it is possible to obtain a sharp cut between the 
benzene and the toluene fractions by refluxing completely for a cer- 
tain length of time. There will be, of course, a small inter- 
mediate fraction consisting of a mixture of benzene and 
toluene and this intermediate fraction must be returned and 
mixed with the next charge which is put into the kettle and 
redistilled. 

The net capacity of any discontinuous still depends to a great 
extent on the percentage of the liquid distilled which must be 
taken off as intermediate fractions, since the greater the inter- 
mediate fractions, the greater amount returned to the still for 
redistillation, and therefore the less the net capacity of the still. 

In the problem at hand, net 2,000 gal. of light oil must be 
handled in 43 hr. If an average rate of distillation of 40 gal. per 
hour be maintained, it is possible to make a preliminary calcu- 
lation as to the amount of heat which must be introduced into the 
kettle per unit time. Such a preliminary estimate must then be 
modified later after the general details and sizes of the equipment 
have been estimated. The amount of heat which must be put 
into the boiling liquid depends not only on the quantity of dis- 
tillate which is to be removed from the still per unit time, but 
also on the amount of liquid which is returned as reflux from the 
condenser to the column. It is good practice in discontinuous 
stills of the type used for fractionating light oil to return as 
reflux to the column, approximately two times as much liquid as 
is withdrawn from the condenser as distillate. This reflux is 
spoken of, therefore, as two to one and for a preliminary estimate 
of the size of heating coil, this is a satisfactory proportion to 
assume. It must be realized, of course, that the proportion of 
reflux to distillate will affect the degree of fractionation which is 
obtained in the fractionating column, and the fractionating column 
must, therefore, be based on this ratio. 
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Operation Cycle.—A 
may be as follows: 
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suitable cycle, therefore, for the 43 hr. 


Se Ba, Ratio of | Time for 
Character of distillate Pa reflux to | fraction 
distillate tte ; : 
’ | distillate minutes 
gallons 
GS read tere aetna siee tee 15 2-1 25 
All liquor from condenser returned to column 10 
CS eH endsa eet iri ee eee 5 2-1 10 
Intermediate fraction consisting of CS», 

ANC BeNZeN Cheer ons ema hea 10 2-1 15 
ures Cnzenermaees evict nae cnet cre 1,000 T=! 1,000 
ipureyBenzene wena A ee eee 450 2-1 675 

All liquor from condenser returned to column 15 
Bures Benzene ae es Ice Renee ee 5 2-1 10 
Intermediate Fraction-Benzene and 
ANGLO RES OSS, & oes Sea cenan no Beene iene Seen ee 60 2-1 90 
Une e OMEN e aera nes eco e eee 150 2-1 220 
All liquor from condenser returned to column 15 
ureploluene serrate etre ote ee 5 2-1 10 
Intermediate Fraction-Toluene and 

EXGy ENS yea a as. eee ade eee 40 2-1 60 

Puree XV CNn esa a eee, a cya merit aes 150 2-1 220 


It will be noted that there have been withdrawn as separate 
fractions, three intermediate fractions, one of 10, one of 60 and 
one of 40 gal., total 110 gal. This intermediate fraction must be 
introduced into the next charge to be redistilled, which would take 
approximately 170 min., which, therefore, must be added to the 
time per cycle, making a total of 2,545 min., or approximately 
43 hr. It will also be noted that in taking off the large pure ben- 
zene fraction of 1,00C gal., the reflux is indicated as 1 to 1. It 
will be found in actual practice that when the liquid to be distilled 
consists largely of one component, as is true in this case, while 
the first portion of that component is being withdrawn, less frac- 
tionation is required than at other periods during the run. There- 
fore, it is possible to reduce the quantity of reflux needed from 
say 2 to 1 to 1 to 1 for a certain period until the next higher boil- 
ing component starts to appear in the distillate, when the reflux 
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must be increased again to hold this high boiling component back. 
This means that for a constant heat input into the system, the rate 
at which the distillate is recovered will be increased in the propor- 
tion of 144 to 1. 

It will be noted that the maximum rate at which a distillate is 
removed from the system occurs when 450 gal. of benzene are 
removed in 675 min., with a 2 to 1 reflux. Therefore, the equiv- 
alent of three times 450 or 1,350 gal. must be distilled out of the 
kettle in 675 min., which corresponds to 120 gal. per hour. The 
latent heat of vaporization of benzene is approximately 167 B.t.u. 
per pound at the boiling point, 80°C. To vaporize this quantity 
of benzene per hour, then, would require 167 (B.t.u.) X 120 
(gal.) X 8.3 (pounds of water per gallon) X 0.8 (specific gravity 
of benzene) = 134,000 B.t.u. per hour required. To this 
must be added heat losses by radiation from the kettle and 
column. 

Lagging.—High temperature distilling equipment of this sort 
should always be well lagged with suitable heat insulating material 
such as magnesia or diatomaceous earth, since the heat losses 
from a bare kettle and column, working at high temperatures are 
very great. With the apparatus suitably lagged it is safe to 
assume a heat loss of not over 10 per cent of the heat required for 
vaporization, making the total heat required per hour 147,000 
B.t.u. 

Rate of Flow of Heat.—This heat must be introduced into the 
liquid in the kettle from a steam coil. The amount of coil 
required is a function of three things: The amount of heat 
required per unit time, the coefficient of heat transmission from 
the steam to the liquid, through the coil, and the temperature 
difference between the steam and the boiling liquid. The 
amount of heat has already been determined. The coefficient 
of heat transmission, which is ordinarily stated as B.t.u. (1 
B.t.u. is the amount of heat required to raise 1 lb. of water 1°F. 
in temperature) per square foot of heating surface per degree 
Fahrenheit temperature difference, must be determined by 
experiment. A very convenient table, suitable for this case is to 
be found in “Traite De La Fabrication Du Sucre” by J. de 
Grobert et al., Self Edition, Technique, Paris, 1913, which is 
reproduced below. 


DESIGN OF A DISCONTINUOUS STILL 


87 


Tue Hrrect or tue Lenatn anp DramMprer or Steam COoILs ON THE 
COEFFICIENT OF Herat TRANSMISSION IN BorLING WATER 


Copper tube 150 mm. inside diameter; metal 3 mm. thick 


IGlograms 
water evap- 


Coefficient of 
heat trans- 


jhseeaan Ge wall Surface of | orated per |Pounds water Wieaion ene 
coil in square} hour per de- | per square 
meters thee per square 
meters gree Centi- foot 
foot per de- 
grade temper- 
bare difter: gree Fahren- 
B heit, per 
ene hour 
2, 0.98 3.96 0.83 448 
3 1.47 4.84 0.675 364 
4 1.96 5.60 0.585 815 
5 2.46 6.26 0.522 281 
6 2.94 6.85 0.468 252 
i 3.43 7.40 0.442 238 
8 3.92 7.90 0.413 223 
9 4.41 8.43 0.392 Pali 
10 4.90 8.85 0.370 197 
15 7.38 10.86 0.302 163 
20 9.80 12.52 252 136 
Copper tube 2 m. long; metal 3 mm. thick 
Kilograms Cooticicnt 
Naveen heat trans- 


Inside diameter, 
millimeters 


Surface of 
coil in square 


orated per 

hour per de- 
gree Centi- 
gerade temper- 
ature differ- 
ence 


meters 
10 0.08 
20 0.14 
30 0.21 
40 0.27 
50 0.34 
60 0.40 
70 0.46 
80 0.53 
90 0.59 
100 0.65 
125 0.82 
150 0.98 


12 
48 
.83 
07 
32 
52 


WWWWNHNNNNR RK KE 
~] 
e 


Pounds water 
per square 


mission B.t.u. 
per square 


foot foot per de- 
gree Fahren- 
heit, per 

hour 
2.89 1,550 
23, Wi ienO 
1.79 965 
it Ye 846 
1.40 755 
1.29 695 
1.21 651 
1.13 608 
1.07 576 
1.01 544 
0.90 485 
0.83 { 448 
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It will be noted from these tables that the coefficient of heat 
transmission for a given diameter tube is less the greater the 
length of the tube. This will be readily understood when it is 
realized that when heating with steam, the steam condenses 
inside of the tube as water, and as the steam passes through the 
tube, the quantity of water mixed with the steam becomes greater 
and greater. Water is a good insulator of heat and therefore the 
greater the quantity of water present in the coil, the lower the 
coefficient of heat transmission from the steam through the water 
and coil to the boiling liquid outside. Other things being equal, 
then, heating coils should be made as short as possible. Their 
length is usually, however, limited by questions of construction 
and design. 

It will also be noted that for tubes of a given length, the coeffi- 
cient of heat transmission decreases as the diameter of the tube 
increases. This may be explained by the fact that the ratio of 
circumference to area of a small circle is greater than that for 
a large circle, and for a given volume of steam passing through 
a tube, the contact of the steam with the surface of the tube is 
greater the smaller the tube. The steam sweeping through the 
tube tends to sweep along with it by friction, the water which is 
condensed out on the surface of the tube, and, therefore, the 
greater the frictional effect, the less will be the thickness of the 
insulating water layer between the steam and the metal. It is 
evident, again, that while the small tube is more efficient than 
the large tube, the actual choice of tube to be used in any 
given case is frequently determined by questions of design and 
construction. 

Size of Coil in Kettle-—For a kettle of the size needed for the 
still in question, a copper steam coil approximately 2 in. inside 
diameter would be a suitable size, and the minimum length which 
would be possible in a kettle 14 ft. long would be one tube run- 
ning approximately the full length of the kettle, or, say, a tube 
12 ft. long. Based on the data given in the table, the coefficient 
of heat transmission for a 2-in. tube, 12 ft. long would be approxi- 
mately 558 B.t.u. per square foot of heating surface per degree 
Fahrenheit temperature difference. 

Temperature Difference.—The third factor affecting the 
amount of heating surface in the kettle is the temperature differ- 
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ence between the steam and the boiling liquid. Benzene boils at 
80°C. while the higher boiling hydrocarbons remaining in the 
kettle while the xylene fraction is being removed, have a boiling 
point of perhaps 160°C. It would be good practice in operating 
a still handling this material to increase the steam pressure and 
therefore the steam temperature as the temperature of the boiling 
liquid increased, keeping the temperature difference between the 
steam and the boiling liquid approximately constant. This 
method of operation was assumed in the cycle of distillation 
noted above, indicating a constant rate of heat input into the 
kettle and, therefore, a constant rate of distillation. It is good 
practice under these circumstances to keep a temperature differ- 
ence of approximately 40°F. During the period when the ben- 
zene fraction is being removed, the temperature of the liquid 
in the kettle will be substantially that of boiling toluene or 110°C. 
This corresponds to 252°F. or 16 lb. gage steam pressure. The 
heating surface required in the coil, therefore, would be 


147,000 
558 X 40 


The 2-in. tube has approximately 0.5 sq. ft. of heating surface per 
linear foot of length. Therefore, a coil a little over 13 ft. long 
would be indicated. It is customary in designing these heating 
surfaces for distilling and evaporating equipment, to increase the 
calculated heating surface by a certain percentage known as 
the factor of safety and it is good practice in a discontinuous still 
to use a factor of safety of 50 per cent, giving a heating surface of 
10 sq. ft. In this particular case, however, the light oil will 
contain a certain amount of tarry material which will eventually 
tend to incrust the heating surface and render it less efficient. It 
would be better, therefore, in this case to use a greater factor of 
safety than is ordinarily used. 

It was specified that the coil would have tubes approximately 
12 ft. long. Twenty square feet would require a tube 20 ft. long. 
Under the circumstances, the coil would probably be made up of 
2 to 12-ft. lengths, running side by side through the kettle, the 
coils being parallel, steam inlet to the coil dividing inside of the 
kettle, and the two coils joining together at the farther end for 
the exhaust. It might also be possible to make these two coils 


or 6.62 sq. ft. 
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as one coil with a return bend at the further end of the kettle, 
making the coil, therefore, one tube, 24 ft. long. This would 
cut the coefficient of heat transmission down from approximately 
558 to 350 and the factor of safety would, therefore, be reduced in 
proportion. 

Accessories.—The accessories to be used in connection with 
the heating coils would be a throttle valve to control the steam 
pressure, a pressure gage to record the steam pressure and a 
trap on the exhaust end to remove the condensed steam as 
rapidly as it accumulates. The coils should be given a slight 
slope toward the exhaust to insure proper drainage of the con- 
densed steam. 


CHAPTER XIII 
THE FRACTIONATING COLUMN 


Experience has indicated that the most efficient type of frac- 
tionating column when back pressure is not of great importance, 
is the plate column. Where back pressure must be kept down, 
the filled type, with filling of some suitable material is necessary. 
The plate type column, fitted with boiling caps, has come to be 
recognized as best suited for difficult separations as the separa- 
tion of Benzene and Toluene. The design of such a column is 
the chief factor in the success or failure of the whole still as a 
fractionating device. The information on which such a design 
is made is a mixture of scientific and empirical data and the design 
must depend on past good practice to a great extent, owing to 
the lack of carefully made experiments on this subject. A 
certain amount of information is available in the works of cer- 
tain French authorities such as Barbet, Savalle, Sorel, and Maril- 
ler, where the relative efficiency of certain types of boiling caps 
in plate columns is given. These data are, however, of little 
value, since as has been pointed out, the fractionation obtained in 
a column is a direct function of the ratio of reflux to distillate, and 
these data are quite lacking in this respect. Any comparison 
of the fractionating efficiencies of different types of plates and 
boiling caps must take into consideration the ratio of reflux to 
distillate as well as the increase of concentration from one plate 
to the next above. 

Size of Boiling Cap.—It has been pointed out that for given 
conditions, the cap which brings the vapor into most intimate 
contact with the liquid, will prove to give the most efficient 
fractionation. The slotted cap has been found to be most 
satisfactory in this respect, and this type will be discussed with 
reference to the present design. Since the ratio of the circumfer- 
ence of a circle to the area increases as the diameter decreases, the 
smaller the cap, the more surface of contact between liquid and 
vapor. But manufacturing considerations limit the decrease 
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in size below a certain diameter. For most work, a cap 4 in. 
in diameter is a minimum. The slots in the sides of the cap 
should be as narrow and as close together as possible. Since, 
however, the constant rush of wet vapor through these slots, 
and often the presence of more or less corrosive liquids, gradually 
wears away the metal, there must be enough width of metal 
between the slots to give the caps a reasonable life. 

Pressure Drop in Column.—The height of the caps and the 
distances between them depend on the depth of liquid on the 
plates and the velocity of vapor through the column. The 
difference in pressure between any two plates of a column is a 
function of three things, the depth of liquid on the plate, the 
velocity of vapor through the slots of the cap, and the friction 
of the vapor passing through the slots and liquid. The total 
pressure, E,, is therefore the sum of the pressure due to the 
static head of liquid (h,) above the center of pressure on the open- 
ing of the slot, plus the velocity head which can be calculated 
from the expression: 


V (velocity) = ~~ 2gh 

(where g is the acceleration due to gravity and h is the velocity 
head), plus the pressure loss due to friction. The usual velocities 
obtained in distilling columns are in the vicinity of 10 ft. per 
second. Experiments have shown that the friction of vapors 
through orifices when the velocities are less than 100 ft. per 
second, is very small, and under this velocity of 10 ft. per 
second, can be neglected. Therefore, 

ove 
Ee =h, ali ons 
where ¢ is some constant to be determined by experiment. 
The author has obtained values of ¢ from 2.8 to 2.0 for varying 
types of slotted caps; 2.4 is a fair average. It should be remem- 
bered that the static head h, is not the total depth of liquid on the 
plate, but the distance from the surface of the liquid to the center 
of pressure on the opening of the slot. Furthermore, the amount 
of opening in the slot is a function of the volume of vapor passing 
through it, the greater the volume of vapor, the lower the liquid 
level inside of the cap, and the greater the slot opening. There- 
fore, the static head is also a function of the velocity of vapor 


approximately 
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through the column. This head may be estimated as consisting 
of two portions, the static head above the top of the slot (h;) 
and the head opposite the slot itself, which is approximately 
two-thirds of the slot opening (1) or 


h, = hi + 241 


It is possible to calculate the slot opening (1) if the volume of 
vapor that passes through it per unit time is known, from the 
gas law PV = NRT and the width of the slot. Slots should 
be so designed that when operating at full capacity, they will be 
wide open. The vapor passing through the slot is. subject to 
several effects. It has a horizontal velocity, V, due to its pas- 
sage through the slot. It also has a vertical velocity component 
V, due to its being lighter than the liquid. Its travel is also 
influenced by the friction of the surrounding liquid. The net 
result of these several forces is that the horizontal motion through 
the slot is changed immediately to one in an upward direction, 
and the bubble, if unobstructed, assumes a parabolic path, and 
after a short travel rises vertically through the liquid to the 
surface. 

Contact Between Vapor and Liquid.—The object of the design- 
er of the plate is not only to bring finely divided bubbles into 
contact with the liquid, but also to deform them as much as 
possible during their passage through the liquid in order to bring 
fresh interior vapor to the surface of the bubble. The caps, 
therefore, should be placed closely enough together so that the 
bubbles from one cap come violently in contact with those from 
the adjacent cap before they have had an opportunity for assum- 
ing a vertical direction. In fact, the contact of the bubbles 
should occur while they have still retained a nearly horizontal 
motion, thus insuring no dead space between the lower portions 
of the caps where the liquid can pass along without having 
bubbles coming into contact with it. For the same reason 
the slots should come as near to the bottom of the liquid as 
possible, and should be designed to operate at full opening under 
normal load. 

Overflow Pipe.—The depth of liquid on the plate is regulated 
by the height of the overflow pipe, which is usually a vertical 
cylindrical pipe open at the top horizontally. The liquid must, 
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therefore, rise above the edge of the pipe in order to overflow into 
it, and this additional height can be estimated by means of the 
weir formula 

Q = 3.33lh* 


where Q is the volume of liquid passing through the pipe in cubic 
feet per second, | is the circumference of the pipe in feet, and h 
is the height of the liquid above the edge of the pipe in feet. 
Practically, due to the violent agitation on the plate a large 
amount of liquor splashes over the edge of the downpipe, but the 
discharge is approximated by the above method. The level of 
liquid on the plate should be but a short distance above the top of 
the slots in the caps, since there is but little advantage in having 
the bubbles rise vertically through a great depth of liquid. 
Under some circumstances, however, it is desired to make the 
time of passage of the liquid down through the column consider- 
ably longer than usual, for instance in the exhausting columns of 
continuous stills where all the more volatile component must be 
removed from the liquid. This is most conveniently done by 
increasing the depth of liquid on the plates. 

Distance Between Plates.—The distance from one plate to the 
next above depends upon the depth of liquid on the plate, the 
character and spacing of the caps, and the velocity of the vapor. 
The bubbles bursting at the surface of the liquid throw off a fine 
spray of hquid. In addition to this bubble spray, two or more 
bubbles coming to the surface together carry in between them a 
solid mass of liquid which is thrown into the vapor space when 
they burst. The greater the velocity and the greater the number 
of the bubbles, the greater this entrainment. One serious cause 
of the inefficiency of the plate column is this entrainment, which 
carries the liquid from one plate to that above. Therefore, the 
plates should be far enough apart so that most of the liquid spray 
has an opportunity to settle before it is carried into the caps 
above. This distance should never be less than 6 in. above the 
liquid level, for ordinary vapor velocities. 

Number of Plates.—The number of plates needed for the 
fractionating column depends upon the several factors noted 
previously; namely, first, the degree of separation of the compo- 
nents desired; second, the relative ease of this separation; third, 
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the ratio of reflux to distillate; and fourth, the efficiency of the 
plates. The degree of separation is determined by the problem 
and usually means practically complete separation of the respec- 
tive components. The ease of the separation can be determined 
from the boiling point curves described previously, the number 
of steps in passing from the quality of residue desired to that of 
distillate desired determining the number of theoretically perfect 
plates to be used. For instance, to produce practically pure 
benzene, leaving practically pure toluene behind would take 
approximately 15 steps. Since, however, a perfect column would 
have infinitely great reflux, the plates are not perfect, and for 
the usual reflux of 2 to 1, the efficiency averages 33 per cent. 
The actual column would then require 15 + .33 = 45 plates. 
For a more accurate determination, the method used in Chapter 
X should be used. A 45-plate column would, however, be 
excessively high for practical purposes, so under the circum- 
stances, a shorter column would be used, say 36 plates. The 
effect of this shorter column would be to prohibit sharp cuts at 
the ends of the various fractions, and this difficulty is then over- 
come by the system of total refluxing described above, when no 
distillate is drawn off, and the entire energy of the still is devoted 
to separating the components in the column. 

Diameter of Column.—Suppose for the present case boiling 
caps are selected such that the slot area per cap is 4 sq. in. for a 
cap 4 in. in diameter, and suppose that it has been found by 
experiment that the caps should be about 2 in. apart, it is then 
possible to estimate the number of caps per plate and 
the approximate diameter of the column. 

It was estimated that approximately 147,000 B.t.u. would be 
needed per hour to operate the still in question. This 
corresponds to 


pan Ow = 880 Ib. of Benzene per hour 
167 
passing as vapor through the column. The molecular weight of 
Benzene (CsHs) vapor is 78. Therefore, 78 lb. of the vapor 
occupy 359 cu. ft. at standard conditions, 0°C. and 1 atmosphere 
pressure. Since the pressure in the column is substantially 
atmospheric, the temperature of the vapor will be that of the 
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boiling point of Benzene at atmospheric pressure, 80°C. The 
volume of vapor passing through the column per hour will be 


880 X 359 X 353 
78 X 273 


= 1.46 cu. ft. per second. 


= 5,240 cu. ft. and 


5,240 
3,600 


Since the velocity of the vapor through the slots in the caps 
has been taken at 10 ft. per second, the slot area per plate would 
be 
pe 0.146 sq.ft. = 21 sq. in. 
10 

Allowing a slot area per cap of 4 sq. in., five caps would be 
required per plate, and with a minimum distance between caps 
of 2 in. the plate layout would be as follows: 


Down Pipe <\ Down Pipe 
to Plate eers\ed trom Plate 
below --~ above 


Fie. 27.—Arrangement of caps on plate. 


This would make the diameter of the plate and therefore of the 
inside of the column, 20 in. 

Height of Column.—The height of the column is calculated 
from the number of plates, 36, times the height of each section, 
which is 2 in. of liquid plus 6 in. of vapor space. 

36 x 219 _ 94 tt, high 
12 

Vapor Pipes.—The vapor connections from the kettle to the 
column and from the column to the condenser should have a 
vapor velocity of not over 50 ft. per second. The diameter 


would be 


1.46 


aries 0.029 sq. ft. = 4.2 sq. in. 


A 3-in. diameter vapor connection would be used. 


CHAPTER XIV 


THE CONDENSER 


The condenser receives all of the vapor leaving the top of the 
fractionating column. Some of the factors influencing the design 
of the condenser have been discussed previously. The decision 
as to the number of condensers to be used often depends upon 
circumstances. It is felt that except under unusual conditions 
a single condenser, large enough to take care of all of the reflux 
and condensation required is the most economical design for 
a discontinuous fractionating still. It is usually customary to 
cool the condensed distillate below its boiling temperature since 
a hot distillate is readily volatilized and is therefore likely to 
suffer loss by evaporation on standing and, furthermore, in case 
the vapor is inflammable, a hot distillate is a considerable source 
of fire risk. In small distilling apparatus it is customary to 
make the condenser large enough to furnish the necessary cooling. 
It is sometimes simpler, however, to furnish a supplementary 
cooler to receive the distillate from the condenser. 

Factors Influencing Condenser Design.—The various factors 
which influence the design of the condensing system are as 
follows: 


1. The amount of heat which must be removed by the condenser in con- 
densing the vapor. 

2. The amount of heat which must be removed by the condenser in cooling 
the condensed vapor. 

3. The amount of vapor entering the condenser from the fractionating 
column. 

4. The amount of inert gas or other non-condensable vapors present in 
the vapor entering the condenser. 

5. The temperature of the vapor entering the condenser. 

6. The temperature of the non-condensable gases leaving the condenser. 

7. The temperature of the condensed vapor leaving the condenser. 

8. The amount of cooling liquid available. 

9. The temperature of cooling liquid available. 

10. Temperature at which cooling liquid should leave the condensing 
system. 
7 97 
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11. The velocity of vapor by the cooling surface. 

12. The velocity of the cooling liquid by the cooling surface. 
13. The removal of non-condensable gases from condenser. 
14. The physical characteristics of the condensed vapor. 
15. The physical characteristics of the cooling liquid. 


It will be advisable to discuss these various factors and their 
influence on the design of condensers in connection with the 
present design for the distillation of light oil. 

Heat Removed in Condenser.—The first factor, the amount of 
heat to be removed by the condenser in condensing the vapor is 
obviously the latent heat of vaporization of the liquid which is 
condensed. It will be recalled that the coil designed for the 
kettle in this distilling equipment was to furnish 147,000 B.t.u. 
per hour. This quantity of heat, however, included a 10 per 
cent allowance for heat losses by radiation from the kettle and 
column and therefore the actual heat of vaporization to be 
removed from the condenser would not include this additional 
10 per cent and would therefore amount to 134,000 B.t.u. per 
hour. 

Heat Removed in Cooling Distillate-——The second factor, the 
amount of heat to be removed in cooling the condensed vapor 
depends upon the temperature to which this condensate is to be 
cooled, which we may assume in this case to be 30°C. or 86°F., 
90°F. below the condensing temperature of the benzol vapor. 
The amount of heat which must be removed in order to cool this 
distillate, then, will be the drop in temperature times the weight 
of the distillate times its specific heat. The specific heat of 
benzol may be taken to be approximately 0.45 and the weight of 
benzol condensed per hour is approximately 800 lb., making the 
amount of heat which must be removed by cooling approximately 
32,000 B.t.u. per hour. 

Non-condensable Gases.—The fourth factor, the amount of 
non-condensable gases in the vapor is a factor of extreme impor- 
tance. ‘This will be realized when it is stated that the coefficient 
of heat transfer from a condensing vapor to a solid wall is ordina- 
rily considered to be in the vicinity of 2,000 B.t.u. per square foot 
of condensing surface per degree Fahrenheit temperature differ- 
ence per hour, while the coefficient of heat transmission between 
a gas and a cooling wall is usually not greater than 10 B.t.u., 
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this value, however, depending upon the velocity of the gas by 
the cooling surface. It is obvious, then, if there is any appreci- 
able amount of vapor or non-condensable gas present in the 
condensing vapor that the coefficient of heat transmission 
between it and the condensing surface will be decreased enor- 
mously since the non-condensable gas has the unfortunate 
property of attaching itself fairly firmly to the condensing surface 
and furnishing an excellent insulating layer between it and the 
vapor. 

In the particular problem in question, however, the fractional 
distillation of light oil, after the head products, that is, the carbon 
bisulphide, etc. have been removed, there is present in the vapor 
passing to the condensers comparatively little inert gas and 
therefore it may be assumed that the amount of non-condensable 
gases in the vapor during the greater part of the distillation is 
very small. These gases must be provided for, however, and it 
is customary to arrange the outlet from the condenser in such a 
way that the gases may pass to a subsequent cooler or scrubber 
where any valuable vapors contained in them may be recovered. 

Vapor Temperature.—The fifth factor involved is the tem pera- 
ture of the vapor entering the condenser, which during the 
period when benzol is being distilled off will be approximately 
80°C. or 176°F. 

Exit Gas Temperature.—The sixth factor, the temperature of 
the gases leaving the condenser, depends to a certain extent on 
the design of the apparatus. It has been found in practice that 
the condensed vapor, depositing on the cooling surface tends to 
cling to that surface while the balance of the vapor tends to pass 
down through the center of the tube in case the vapor is passing 
through the tubes of the cooler, or in the case where the vapor is 
passing around the tubes, the vapor tends to pass between them 
and not come into direct contact with them. Consequently, the 
liquid reaching the bottom of the condenser, having been in 
contact with the cold walls of the condenser will be at a tempera- 
ture lower than that of the vapor in between the tubes and it 
has been found that the gases finally leaving the condenser may 
have a temperature perhaps half way between the condensing 
temperature of the bulk of the vapor and the temperature of the 
cold liquid at the bottom. 
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The seventh factor, the temperature of the liquid leaving the 
condenser, has been discussed above. 

Cooling Water.—The eighth factor, the amount of cooling 
liquor available, is, of course, dependent upon local conditions. 
Where water is the condensing and cooling liquid, it is often 
present in substantially unlimited quantities, and, therefore, it is 
customary to assume a reasonable temperature rise of the cooling 
water, in this case amounting perhaps to within 20°C. or 38°F. 
of the temperature of the condensed vapor. 

The ninth factor, the temperature of the cooling water, if 
assumed to be 20°C. or 68°F., it will enable the total quantity 
of water to be used to be estimated as noted below. 

The tenth factor, the temperature at which the cooling liquid 
should leave the condenser, is sometimes of importance if this 
liquid is to be used for other purposes. It is frequently true that 
in chemical plants, materials of varying volatility are handled 
and cooling water which would be too warm to condense satis- 
factorily a volatile material, might be perfectly satisfactory for 
condensing vapors with a higher boiling point, and, therefore, 
in cases of this sort, it is sometimes possible to use moderately 
warm cooling water discharged from the condenser of one distill- 
ing equipment for cooling the condensers in the apparatus han- 
dling the liquid of the high boiling point. If this is true, then, the 
maximum temperature rise which could be permitted for the 
cooling liquid would be limited. 

Vapor Velocity.—The eleventh factor, the velocity of the vapor 
by the cooling surface, is of importance from two standpoints: 
In the first place, when vapor condenses on a cooling surface, it 
tends to adhere to that surface and furnish an insulating layer of 
liquid between the balance of the vapor and the cold walls. If 
the vapor be hurled past this surface at high velocity, the film 
of liquid will be swept off of the cold surface by friction and its 
thickness will be reduced, therefore enabling the following vapor 
to come into closer contact with the walls. 

In the second place, if there are non-condensable gases present 
in the vapor, these gases, if allowed to adhere to the condensing 
surface, will decrease the cooling efficiency of such surfaces to a 
very great extent and a high vapor velocity past these surfaces 
will tend to remove this gas or prevent its adhering to the walls, 
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tnerefore increasing the coefficient of heat transmission to a 
marked extent. 

The necessity of high velocity for vapors has been known for 
many years in such industries as the evaporator industry where 
special provisions are always made in the heating surfaces of 
multiple effect evaporators to remove these non-condensable 
gases as rapidly and as thoroughly as possible. 

Cooling Water Velocity.—The importance of the twelfth factor, 
the velocity of the cooling liquid by the cooling surface is not 
sufficiently realized by most people. The rate of flow of heat 
from a condensing vapor to the cooling wall, through the cooling 
wall and to the cooling liquid is proportional to the coefficient of 
heat transmission and the temperature difference per unit area. 
The coefficient of heat transmission, K, is made up, in this case, of 
three coefficients: 

First, the coefficient of heat transmission from the vapor to the 
wall 

Second, the coefficient of heat transmission through the wall 
itself, and 

Third, the coefficient of heat transmission from the wall to the 
cooling water. 

Coefficient of Heat Transmission.—If these three coefficients 
are known, it is possible to calculate the overall coefficient in this 
fashion. The reciprocal of the coefficient of heat transmission, 


= ee! : : re 
that is, Ko the resistance, is equal to the sum of the individual 
resistances or the sum of the reciprocals of the various values of 
K; that is, 


K kr” ks 
where k, is the coefficient of heat transmission between the 
condensing vapor and the wall. This, for a vapor containing no 
non-condensable gases would be in the vicinity of 2,000. 

The coefficient of heat conductivity of copper is about 220 
B.t.u. per square foot of cross-section per degree Fahrenheit 
temperature difference per hour per foot of thickness. For thin 
copper tubes, such as those of which such condensers are con- 
structed, with walls 0.06 in. thick, the value of k. for the metal 
would be about 44,000. 
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Film Coefficient Water Side.—k;, the coefficient between the 
wall and the water, is given approximately by the expression 
k; = 450 V“%, where V is the linear velocity of water by the 
cooling surface in feet per second. To show the effect of the 
water velocity on the value of ks, if 


V = 0.01 ft. per sec., ks = 14 

V = 0.1 ft. per sec., ks = 80 

Vv 1.0 ft. per sec., ks; = 450 
V = 10.0 ft. per sec., kz; = 1,400 


If, now, the overall coefficient of heat transmission, K, be calcu- 
lated as above, using for k; a value of 1,000 instead of 2,000, 
since the vapors in question contain small amounts of non- 
condensable gases, for a linear water velocity of 0.1 ft. per second 


1 1 I| 1 

KP 000) 44000 er neo 
whereas for a water velocity of 1.0 ft. per second 

Ds ga renee 1a 


K 1,000 ' 44,000 * 450 
and when the water velocity is 10 ft. per second 


1 1 1 i 
K 1000" 44000 tun 


It will be noted that where the water velocity is low, the over- 
all coefficient, K, is low and the film resistance between the wall 
and the water of 80 is substantially the same as the overall 
coefficient from vapor to water of 74; in other words, the conduc- 
tivity of the vapor to wall and of the wail itself will make but 
very little difference. Where the water velocity is moderate, 
1 ft. per second, the film conductivity for water is 450, while 
the overall coefficient is 313. In this case the film resistance 
between the vapor and the wall of 1,000 is of importance and 
where the water velocity is high, it is, therefore, necessary to 
insure as much freedom from non-condensable gases on the vapor 
side as possible. Where the water velocity is very high, in the 
case of 10 ft. per second, the film conductivity for the water 
being 1,400 and the overall coefficient of conductivity 576, the 
thickness and material out of which the tube is made, as well as 
the conductivity on the vapor side, are of importance, and under 
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such circumstances it is advisable to use as thin metal walls as 
conditions will permit. 

Removal of Non-condensable Gases.—The thirteenth factor, 
the removal of non-condensable gases, must be positive. There 
must be no pockets or dead spaces in the vapor space of the con- 
denser, to permit these gases to accumulate. There must be a 
steady flow of vapor through all portions of the condenser, 
forcing all gases to the vent, which should be arranged in such a 
way that there is no possibility of its being sealed shut by 
distillate collecting in the vent pipe. 

It is preferable, if possible, to operate the condenser under a 
pressure slightly greater than that of the atmosphere, so that 
there will be a positive flow of gases from the condenser into the 
atmosphere. This has the added advantage that the air under 
these circumstances cannot work its way back into the condenser 
and partially insulate the cooling surfaces. If the pressure 
difference between the inside of the condenser and the atmosphere 
is great, a certain amount of the condensed vapor will escape 
through the vent and provision must be made by means of a 
supplementary cooler, scrubber or condenser to retain this. 

Characteristics of Vapor.—The fourteenth factor, the physical 
characteristics of the condensed vapor, is of importance in two 
respects: 

First, the specific heat of this condensed vapor must be known 
in order to calculate the cooling, as was done above. 

Furthermore, if the condensed vapor has excessive viscosity, 
which will tend to make it flow slowly over cooling surfaces, this 
must be allowed for in proportion to these surfaces. In the case 
of the benzol in question, the viscosity is about the same as that of 
water and may be neglected. 

Characteristics of Cooling Water.—The fifteenth factor, the 
physical characteristics of the cooling liquid are especially impor- 
tant when the cooling liquid is water and that water comes from 
a relatively impure source. Many chemical plants are so located 
that they must use for cooling water, water containing all sorts of 
sediment, scale-forming materials, etc., and invariably under 
these conditions, the cooling surface becomes coated with layers 
of material which usually act as excellent heat insulators. It is, 
therefore, necessary under these circumstances to design the 
condenser so that the cooling surfaces on the water side can be 
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readily cleaned. This is usually done by making the water flow 
through the tubes and in the case of a vertical tubular condenser, 
it is possible, by removing the top of the condenser to run a 
swab down through the tubes and clean them out. In the case of 
certain types of stills where the material which is to be distilled 
is.run through a vapor heater which is part of the condensing 
system, the material may deposit out scale or dirt on heating in 
the same way, and similar precautions must be taken. 

Logarithmic Mean Temperature Difference.—It has been 
assumed for the particular design in question that cooling water 
comes in at 68°F. and goes out at 140°F. and that the total heat 
to be removed in condensing and cooling the distillate is 166,000 
B.t.u. per hour. The proportional rise in temperature of the 
cooling water for cooling purposes, then, will be 14° out of a total 
of 72°, or if the cooling takes place entirely after the condensation 
has occurred, the cooling water will rise from a temperature of 
68 to 82°F. and then will rise from 82° to 140° during the con- 
densing period. Since the flow of heat from one fluid to another 
is proportional not only to the coefficient of heat transmission 
but to the temperature difference, it is necessary to figure this 
temperature difference between the vapor and the cooling water 
and also to figure the temperature difference between the con- 
densed vapor which is being cooled and the cooling water. This 
is done by use of what is known as the logarithmic mean, and in 
the case of a counter current condenser and cooler, where the 
coldest cooling water cools the coldest distillate and the hottest 
cooling water cools the hottest vapor, the temperature differ- 
ence for the condensing period would then be calculated as 
follows: 
(176 — 82) — (176 — 140) 

pes 
176 — 140 

where In is the logarithm to the base e. This is equivalent to 
60°F. 

For cooling the condensed vapor we also use a logarithmic 
mean temperature difference which in this case will be 

(176 — 82) — (86 — 68) 
In Ae 82 
86 — 68 


AT = 


which equals 46°F. 
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Surface for Condensing.—The surface required for condensing, 

then, will be 
134,000 _ 

It will be noted that the value of coefficient of heat transmission, 
K, has been used as 313, this assuming a water velocity in the 
condenser of 1 ft. per second. This is an approximation which 
may or may not be justified by the results of the calculation as 
will be noted below. In the same way the coefficient of heat 
transmission during the cooling period may be figured as follows: 


1 it 1 1 


K ~ 450 * 440007 30 & = 878 


It will be noted in this case that a value of 450 is selected as before 
for the coefficient on the cooling water side, assuming a cooling 
water velocity of 1 ft. per second, while the coefficient on the 
condensed vapor side has been selected as 80, assuming a velocity 
of this condensing liquid as of 0.1 ft. per second. 

Surface for Cooling.—This coefficient for cooling, then, will 
be equal to 68 and the surface required for cooling will then be 


32,000 


68 x 46 or 10.2 sq. ifs 


making a total surface required for the condenser of 17.3 sq. ft. 
To this must be added a certain amount as factor of safety, due to 
inexact requirements and the possibility of dirty condenser tubes. 
Fifty per cent factor of safety would be suitable under these 
circumstances and if tubes 114 in. in diameter were used in the 
condenser there would be required, therefore, approximately 
78 ft. of tubing. If the condenser were built up in the form of 
a number of straight tubes side by side, the so-called tubular 
type, and the tubes were 6 ft. long, there would be required 13 
such condenser tubes. It is now possible to obtain a more 
accurate estimate of the cooling water velocity through such a 
condenser. If the water were to pass through the tubes and the 
vapor were to be outside the tubes, and the condenser were to be 
of the one-pass type, that is, water going through the tubes once, 
the area of 13 tubes would be the area through which the cooling 
water would flow. This would amount to approximately 0.111 
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sq. ft. for the 13 tubes. The amount of cooling water per second 


would be 
166,000 


72 X 3,600 X 62.4 


or 0.0103 cu. ft. per second, where 166,000 is the heat taken up by 
the water per hour, 72 its rise in temperature in degrees Fahren- 
heit, 3,600, number of seconds per hour and 62.4, the weight in 
cubic feet per hour. This would indicate a velocity through the 
tubes of 0.1 ft. per second if all the tubes were in parallel; in 
other words, the coefficient of heat transmission would have been 
74 instead of 3138 estimated above. In order, therefore, to 
increase the water velocity to approximately ten times 0.1 ft. 
per second it will be necessary to send the water through each 
tube separately; in other words, to have a multi-pass condenser 
with as many passes as there were tubes; that is, 138. Such 
condensers would be difficult to build and rather expensive and 
therefore it would be better practice to use fewer tubes and 
increase their length, thereby increasing the heating surface and 
also increasing the water velocity. The designer of condensers, 
therefore, must balance water velocities against cost of construc- 
tion, and the type of condenser and size finally selected will, 
therefore, depend to a very great extent upon the cost of manu- 
facture of the various types which are possible. Yet it is usually 
found that a single-pass condenser in moderate sizes is less 
expensive to construct than a multi-pass high speed condenser 
where the amount of cooling surface, it is true, is considerably 
less, but where the cost of construction per unit surface is 
considerably greater. 


CHAPTER XV 


ACCESSORIES 


A fractionating still must have numerous accessories and 
attachments in order to permit of its accurate control. It is 
essential in the first place that a constant supply of steam be 
assured. This can only be accomplished by having a constant 
steam pressure available at the steam coil. Since in most 
chemical plants the load on the boiler plant fluctuates, and since 
the firing of such boiler plants is likely to be irregular, the boiler 
pressure almost always is variable and this variability will be 
transmitted to the heating coils of the distilling apparatus unless 
special precautions are taken. These precautions are usually in 
the form of constant pressure reducing valves between the boiler 
and the still, whereby a constant pressure on the steam coils may 
be assured no matter what variations may occur in the boiler 
pressure itself. 

The condensed steam in the coils of the kettle must be removed 
as rapidly as it collects; otherwise the water will collect in the 
tubes, and blanket the surface, causing the rate of evaporation of 
the still to drop off immediately. This means that there must be 
efficient steam traps attached to the coils and these traps must 
be always kept in perfect working condition. 

Indicating Valves.—The throttle valve which controls the 
steam pressure on the coils should preferably be constructed in 
such a way that the amount of opening of the valve can be 
registered by means of an indicator on a dial or some device of 
that type. This enables the still operator to reproduce his 
valve opening and therefore his still pressure from charge to 
charge without necessitating the inspection of steam gages, etc. 
In the same way, the valves which control the flow of cooling 
water to the condenser should be fitted with indicating devices for 
the same purpose. 

Testers or Weir Boxes.—The rate of flow of the distillate from 
the condenser to the receiving tank must be measured. This is 
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usually done by means of so-called testers or weir boxes, where 
the rate of flow is measured by the depth of liquid flowing through 
a suitable slot or opening. It is also necessary to take samples of 
distillate from time to time and the piping should be arranged 
with suitable connections so that this may be done conveniently, 
since in the fractional distillation of such liquids as light oil it is 
not possible to rely entirely on temperature readings in order to 
determine the quality of the distillate obtained, as thermometers 
do not give the degree of purity in sufficient precision and it is 
necessary to withdraw samples from time to time and test them 
in the chemical laboratory in order to determine exactly the 
degree of purity of the distillate. 

Location of Controls.—Finally, for the convenience of the 
operator and for general efficiency of the distilling apparatus, all 
control valves should be located at one spot. The operator-must 
not be required to climb three or four stories of the building in 
order to operate the steam control valves and water control valves 
and inspect the rate of flow of distillate, but all of these valves, and 
testers, etc. should be so arranged that the operator, standing 
in one place, can have the still under complete control. 

Special Designs.—It should be pointed out that the preceding 
discussion of the design of suitable still for the fractional distilla- 
tion of light oil has been for the purpose of familiarizing the reader 
with the various factors which are involved in the design of such 
apparatus and that the particular design evolved is not neces- 
sarily the best design for all conditions under which light oil 
might be distilled. It should be remembered that the design of 
all chemical engineering machinery depends to a very great 
extent indeed upon local and special conditions and, therefore, it 
is not possible for a designer to produce a machine suitable for 
everybody at every place. This accounts for the fact that most 
manufacturers rarely carry so-called standard equipment in 
stock and must, in nearly every case, design special equipment 
suited for the particular requirements of the problem involved. 


CHAPTER XVI 


CONTINUOUS DISTILLATION 


The previous chapters have taken up in considerable detail 
the question of intermittent distillation. Continuous distilla- 
tion differs from intermittent distillation in that the material 
to be distilled is fed continuously into the machine, the products 
of the distillation are withdrawn continuously and the state of 
the components in the mixture being distilled remains a constant 
at any point in the system. That is, the temperature, pressure 
and composition of the liquid and vapor at any point in the 
apparatus remains unchanged so long as external influences are 
constant. 

Requirements for Continuous Distillation.—The requirements 
for the suitable utilization of continuous distillation are three in 
number: 

First, the feed of material to be distilled must be constant. 

Second, the source of heat or other form of energy used in 
operating the still must be constant. 

Third, there must be available constant cooling fluid for 

condensers, etc. 

Constant Rate of Feed.— Requirement No. 1, the constant feed, 
assumes that the rate of flow of feed liquor to the still must be 
arranged so that it does not change from one time interval to 
another, and it also assumes that the quality or composition of 
this liquor remains unchanged. It is therefore obvious that, in 
general, continuous distillation is suitable especially for the han- 
dling of relatively large amounts of a fairly uniform material. 
Since, also, continuous distillation involves careful regulation of 
the apparatus at the beginning of the handling of such material 
and since such regulation is sometimes difficult, it is advisable 
to use continuous distillation only where large amounts of fairly 
uniform material are expected over extended periods of time. 

Constant Steam Supply.—Requirement No. 2, constant source 

Yof heat supply for operating the still, is essential so long as the 
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still is to be semi-automatic in operation; that is to say, if steam 
is to be used for heating there must be some suitable device in 
connection with the steam lines such that the steam pressure may 
be automatically kept constant. Usually, the source of steam 
available for distillation is the steam boiler and since the boiler 
pressure is a variable quantity, depending upon firing conditions 
and demands on the boiler from other units, it is essential to use 
steam pressure sufficiently below that of the boiler pressure avail- 
able so that suitable reducing valves placed on the line will func- 
tion properly, giving a reasonably constant steam pressure at the 
still. Furthermore, most continuous stills are very sensitive to 
slight changes in steam pressure applied and it is therefore neces- 
sary to use in addition to the constant pressure reducing valve 
mentioned above some sort of sensitive steam regulator which 
will automatically maintain a constant pressure in the still. 

Constant Water Supply.—Requirement No. 3, constant supply 
of cooling fluid, usually water, infers constancy with regard to 
both amount and temperature, since the quality and amount of 
distillate obtained is a function of the amount of reflux which 
depends largely on the dephlegmation obtained in the reflux 
condenser. 

Results of Continuous Distillation—In general, the results 
obtained in continuous distillation are: 

1. Constant products of distillation. 

2. Constant conditions at any point in the system. 

So far as the first result is concerned, constancy of production 
infers, of course, that the amount of distillate and waste obtained 
from the unit remains constant and that the quality of these 
products is unchanged, assuming, of course, that the requirements 
noted above are fulfilled. 

The second result, constant conditions at any point in the 
system, is perhaps the chief reason why continuous distillation 
has been so successful, since it is possible to so design the distil- 
ling equipment as to take care of the conditions to be expected 
at any point in the system, since these conditions remain 
unchanged; that is, in the fractionating column of a continuous 
Still, the composition of the liquid on the piates and the vapor 
between the plates will remain the same so long as the 
requirements for continuous distillation are fulfilled. 
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Essential Parts of a Continuous Still.—The essential parts of a 
unit for continuous distillation are, in general: 

1. Feed heater. 
. A fractionating column. 
. Condenser. 
. Source of heat. 
. Source of cooling liquid. 

. Recuperator. 

heed Heater.—The function of the feed heater is to raise the 
temperature of the continuously incoming feed liquor to as near 
the boiling point, under the conditions obtained in the still, as is 
possible. This feed heater may be in several parts, depending 
upon circumstances. For instance, the condenser receiving the 
vapor from the fractionating column may be divided into several 
units, one or more of these units being utilized for preheating 
the feed liquor by allowing the feed liquor to pass through it 
instead of cooling water Usually, however, the temperature 
obtained in such a vapor heater, as it is called, is not sufficiently 
high and it is therefore usual to allow the partially preheated 
liquor to pass then to a recuperator where it receives heat from 
the hot waste liquor discharged from the bottom of the still, 
this recuperator usually raising the temperature of the feed nearly 
to its boiling point. In some special cases, usually when either 
the vapor heater or the recuperator is dispensed with for manu- 
facturing or operating reasons, it is customary to heat the incom- 
ing feed by means of asteam heated preheater. This last method, 
however, is uneconomical and only used under special cir- 
cumstances It is, of course, possible to run the cold feed 
liquor directly into the still without preheating at all. Since the 
feed liquor is always-run into the fractionating column onto some 
proper plate, the heating of the liquor to boiling will take place 
in the column and the corresponding cooling obtained in the 
column will have the effect of additional dephlegmation or reflux 
and will therefore improve the degree of fractionation obtained 
from the point of entrance of feed down to the bottom of the 
column. Since, however, the most efficient distilling column is 
that one where the maximum reflux traverses the entire length of _ 
the column, the heat, thus taken out of the lower portion of such 
a column will be of no assistance in improving the fractionation 
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in the upper portion of the column and it is, therefore, better 
practice to take care of any excess reflux required by the means 
of the reflux condenser and preheat the incoming feed by means of 
the waste heat of the vapor or the discharge from the bottom of 
the still. 

Fractionating Column.—The fractionating column of a con- 
tinuous still is in general the same as that used in the intermittent 
still, its design depending, of course, upon special conditions in 
the particular unit. Quite often in the more complicated con- 
tinuous stills the fractionating column is divided into several 
units which are operated semi-independently of each other and 
some of these will be discussed later under special applications 
of continuous distillation. 

Condensers.—In the same way, the condensing units used in 
continuous stills are similar to those used on intermittent stills 
and are designed in similar fashion. The utilization of the source 
of heat, however, is usually different from that of the intermittent 
still. In general, there are two methods of heating where steam 
is to be the source of heat. Where other sources of heat are used, 
for instance, direct fire, in general, the rules laid down for steam 
will apply with suitable modifications. Closed steam or steam 
within steam coils or pipes is usually used for nonaqueous solu- 
tions, where it is not desired to bring water into direct contact 
with the liquor which is being distilled, or closed steam is used 
for the distillation of aqueous solutions where the water is taken 
off as distillate and does not remain in the residue, the intro- 
duction of water vapor into the residue, of course, defeating the 
purpose of the distillation. 

Open Steam.—The second method of heating with steam is to 
use open steam; that is, blowing water vapor into direct contact 
with the liquid in the still. This is usually used for aqueous 
solutions having water or other aqueous residue as the less 
volatile portion of the liquid which is being distilled or where the 
introduction of water into the less volatile product from the still 
will do no harm. 

The second essential part of the continuous still, a fractionat- 
ing column, is usually divided into two portions which are called 
respectively, the exhausting portion and the rectifying portion, 
the feed entering the column always being taken in at the dividing 
point between these two sections. 
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Exhausting Column.—The function of the exhausting column 
is to remove from the less volatile material discharged from the 
bottom of the still all of the more volatile material present in the 
feed, while the function of the rectifying column is to separate 
the more volatile component as nearly as possible from the less 
volatile component, discharging the more volatile component 
from the top of the rectifying column and the condensing steam 
and the less volatile component into the exhausting column. 

Rectifying Column.—The rectifying column is usually placed 
above the exhausting column so that the reflux passing down 
through the rectifying column can flow by gravity into the top 
of the exhausting column. The design of the exhausting column 
depends, of course, upon the same things that were noted in the 
discussion of the rectifying column in the intermittent still, 
the number of plates to be used being a function of the relative 
ease or difficulty of the separation of the more volatile component 
from the less volatile component, a function of the composition 
of the feed entering the top of the exhausting column and the 
composition of the waste liquor discharged from the bottom. 
The volume of the column is a function of the time of contact 
desired between the liquor and the vapor, the exhausting column 
usually being made sufficiently great in diameter and having a 
sufficient depth of liquor on the plates to insure that the liquor 
descending through the column is in contact with the vapor a 
sufficiently long time so that all of the volatile component will be 
removed from it. The character of the plates to be used in the 
exhausting column is a function of the character of the liquor 
passing down through them; for instance, if the liquor which is 
being distilled contains solids as is frequently the case, the plates 
must be so designed: that the solids will not deposit out on the 
plates and stop up the vapor openings. 

Design of Rectifying Column.—The design of the rectifying 
column may be worked out on exactly the same lines specified 
in the case of the intermittent still, remembering, however, that 
the number of plates required is not a function of the ease or 
difficulty of separating one pure component from another pure 
component, but the rectifying column has to separate the more 
volatile component from a mixture of the composition of the feed 
entering the top of the exhausting column and therefore, as a 
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rule, fewer plates would be required in a rectifying column of a 
continuous still than would be the case in the rectifying column 
of an intermittent still. Since, however, the exhausting column 
of the continuous still usually is designed to insure that the dis- 
charge from its bottom contains none of the more volatile compo- 
nent, the total number of plates in the continuous still will be 
greater than in the intermittent still designed for the same work. 


Fig. 28.—Diagram of a simple continuous still. 


Diagram of Continuous Still—The accompanying diagram, 
Fig. 28, will give an idea of the essential features of a continuous 
still for the separation into its parts of a two-component system, 
where A represents a constant level feed tank for supplying feed 
at uniform rate to the apparatus; B represents a vapor heater 
where the cold feed is heated part-way to its boiling point by the 
hot vapor coming from the top of the fractionating column; C 
represents the recuperator where the partially preheated feed is 
raised nearly to its boiling point by means of the hot discharge 
from the bottom of the fractionating column; D represents the ex- 
hausting column where the feed enters on the top plate and the less 
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volatile liquid gradually runs down from plate to plate and is 
discharged from the bottom passing through the recuperator; 
E is the rectifying column where the vapor from the top of the 
exhausting column is subjected to a fractional distillation, the 
more volatile component being discharged through the vapor 
pipe, F, to the feed heater, B, and the less volatile component 
running back into the exhausting column;@ is the condenser which 
receives the vapor which is not condensed in the feed heater, B, 
and condenses it completely, the liquid thus obtained either being 
run back into the top of the rectifying column together with the 
condensed vapor from the feed heater, or being carried off to 
suitable receiving tank, 7, as indicated. Cooling water would be 
required for the condenser, G, only. In case it was necessary to 
cool the less volatile component discharged from the bottom of the 
exhausting column to a temperature below that at which it leaves 
the recuperator, it would be necessary to put an additional cooler 
on the waste line and in case the condenser, G, failed to cool the 
distillate to a sufficiently low temperature, it would be necessary 
to introduce a suitable cooler into the line taking the distillate 
from the condenser to the receiving tank. The steam used for 
heating the still would be introduced into the bottom section of 
the column, D, either closed or open steam being used, depending 
upon circumstances as noted above. 

Stills for Three-component Mixtures.—Continuous stills are 
of particular value in handling systems containing more than 
two components. For instance, in three-component systems: 
It will therefore be interesting to discuss such a system, taking 
for example the actual case of the system, ethyl-ether, ethyl- 
alcohol, water, it being possible to separate the ether completely 
from the alcohol and water by fractional distillation and it being 
possible to obtain about a 96 per cent alcohol from the water in 
the same way. If we consider the 96 per cent alcohol which is 
the constant boiling mixture of alcohol and water to be for our 
purposes a pure component, spoken of as alcohol, since it behaves 
exactly as a pure component would, it will be possible to discuss 
a suitable continuous unit for separating almost completely these 
three components from each other. 

In any continuous still for the separation from each other of 
three components one component is always separated first 
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from the other two and these are also separated from each other 
by a subsequent operation. In the system noted above, ether, 
alcohol and water, it is possible to obtain the separation of 
the three componentsin several ways. For instance, in diagram, 
Fig. 29, A represents a constant level feed tank containing the 
mixture of alcohol, ether and water. The liquid is allowed to 
pass through a feed heater which, in this case, will consist of first 


Fie. 29.—Type A—continuous still for three components. 


a vapor heater, B, and then a waste recuperator, C, the heated 
feed then passing into the central portion of a continuous fraction- 
ating column, the exhausting section being represented by the 
portion D and the rectifying section by the portion H. The vapor 
from the top of the rectifying section passes through the vapor 
line F to the feed heater B and from there to the total and reflux 
condenser G. In this column the ether and alcohol are separated 
from the water, the water being the less volatile component and 
the ether and alcohol the more volatile components. The compo- 
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sition of the liquor approaching the bottom of the exhausting 
column increases in water until at the bottom, water only is 
obtained and hot water is discharged from the exhausting column 
through the recuperator to the sewer, live steam being blown into 
the bottom of the column to supply the vapor and heat necessary 
for the vaporization of the alcohol and ether. 


Fie. 830.—Type B—continuous still for three components. 


The rectifying column £ has the problem of separating entirely 
the water from the ascending vapor so that the liquid condensed 
in the condensers B and G consists of a mixture of alcohol and 
ether only. This condensed distillate then passes through the 
line H into the central portion of another continuous fraction- 
ating column J. This fractionating column J differs from the 
preceding column in that the source of heat at the base is not open 
steam but closed steam in the form of some sort of a tubular or 
oil steam heater. In this column there are to be separated only 
two components, the alcohol and the ether. The ether being 
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more volatile passes up while the alcohol being less volatile passes 
down, the alcohol at the bottom being ether free while the ether 
at the top is alcohol free; the ether vapor being condensed by 
means of the condenser K while the alcohol is withdrawn hot 
from the bottom of the column and passed through a suitable 
cooler L to a receiver. 


Alcoho/. 


Fia. 31.—Type C—continuous still for three components. 


Another method of accomplishing the same result is indicated 
in diagram, Fig. 30, where a mixture of ether, alcohol and water is 
held in a constant level feed tank A and flows from there through 
a preheater B to a recuperator C and into the central portion of 
the column DE as before, the difference being that the reeuperator 
operates on the second column instead of the first. The column 
DE in this case separates the most volatile component, ether, 
from the alcohol and water, the ether passing up through the col- 


CONTINUOUS DISTILLATION 119 


umn and the alcohol and water passing down. The heat and 
vapor necessary for operating this column being supplied by open 
steam introduced at the base as before. The ether passing out 
of the top of the rectifying column as vapor is condensed in the 
condensers and is collected in a suitable ether receiving tank, while 
the hot liquor being discharged from the bottom of the exhausting 
column, which consists of a mixture of alcohol, water and con- 
densed steam, flows by gravity into the central portion of the 
second column J where the alcohol and water are separated con- 
tinuously, the alcohol going to the top and the water to the 
bottom as indicated. 

The third method of separating the three components is indi- 
cated in diagram Fig. 31, which is similar to the diagram No. 29 
except that the mixture of ether and alcohol passing from the top 
of the first column to the central portion of the second consists of 
alcohol-ether vapor instead of condensed alcohol and ether and 
therefore it is unnecessary to re-vaporize these liquids in the sec- 
ond column. It is necessary, however, to furnish a certain 
amount of heat and vapor in order to obtain the fractionation re- 
quiredinthe second column and therefore a closed heater at the 
base of the column is used as in the first case. 

Non-aqueous Solutions.—These preceding diagrams indicate 
the possible designs when water is one of the three components. 
Where the non-aqueous solutions are to be distilled the method to 
be followed is similar in all respects except that live steam is not 
introduced into the system at any point, closed heaters being 
used entirely. There are, however, exceptions to this rule where 
the material being distilled is insoluble in water and the intro- 
duction of steam into this material will not cause any harmful 
dilution since any water vapor which condenses in the material 
discharged from the column can be separated afterwards 
continuously by suitable decanting apparatus. 

Multi-component Systems.—In the case of systems of more 
than three components it is usually necessary to add an addi- 
tional section for each component and the systems, of course, 
become more and more complicated. It should be realized also 
that as systems become more and more complicated it is necessary 
to furnish so-called fly-wheels with such systems which will 
permit the equalization of the operation of different portions 
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of the apparatus. Such flywheels usually consist of large in- 
termediate receiving tanks where the liquid may be collected 
temporarily while subsequent units of the machine are being 
regulated, it being manifestly impossible to regulate all of the 
sections of the complicated machine at the same time. 

Accessories.—The successful operation of continuous fraction- 
ating stills depends to a considerable extent upon the suitable 
selection of accessories. Among these accessories perhaps the 
most important is the so-called steam regulator which has the 
function of maintaining constant steam pressure automatically 
on the distilling column. Since the rate of distillation in a 
distilling column is a function of the pressure of the vapor in 
the column and since the quality of the product depends upon the 
rate at which the distillation is carried out it is essential that the 
steam regulator be of the highest degree of sensitiveness, and 
the variation in pressure in the column to a fraction of an inch of 
water must be noted and counteracted by the steam regulator. 
These regulators usually operate on the principle of the U-tube 
or balanced columns of liquid, the pressure on the one side of the 
U being maintained by the column while the pressure on the 
other side is usually atmospheric. The change in the relative 
pressures, therefore, will affect the level of the liquid in the two 
sides of the tube and by means of suitable floats this change in 
level can be made to operate control valves on the steam supply, 
etc. In the same way the method of controlling the feed supply 
and cooling-water supply is of great importance. 

Feed Control.—In complicated continuous distilling apparatus, 
a slight change in the rate of feed often has no appreciable effect 
on the product of the distillation until after a considerable period 
of time—sometimes as much as an hour being required to detect 
any change in the quality of the product. It is therefore essential 
that the feed control be very sensitive so that the regulation may 
be made very exact and that very small changes in the rate of 
feed may be made. In handling large quantities of liquids it is 
essential to use large piping and large apparatus where it is very 
difficult to obtain careful regulation, and it is therefore customary 
to use the by-pass system of feed control where most of the liquid fed 
into the still passes through the main line through a large valve 
which can be opened to some point approximately correct, while 
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the finer regulation is obtained by means of a by-pass and a needle 
valve which can be controlled very exactly. These valves are 
usually fitted with indicating devices by which it is possible to 
tell by inspection the degree of opening of the valves. 

Testers.—The products obtained from the apparatus also must 
be under constant observation. This is usually accomplished by 
means of overflow devices which are called testers. These testers 
usually consist of glass bell jars or other designs of a similar 
nature where the distillate hows continuously through an open- 
ing, the rate of discharge often being measured by the level of 
liquid passing through a weir under the bell jar. It is also 
possible to observe the quality of the distillate continuously in 
such testers where the specific gravity of the liquor is a measure 
of its quality by having suitable hydrometer arrangements 
within the testers so that the specific gravity reading may be 
observed at any time. 

Slop Testers.—The waste liquor discharge from the bottom 
of the still is usually tested by a device known as the slop tester 
which takes the vapor from a section near the bottom of the 
exhausting column and condenses this vapor by means of a small 
condenser in such a way that the condensed vapor flows through 
a small hydrometer tester where its specific gravity can be 
observed continuously. These testers, feed valves, steam regu- 
lators, etc. are usually located at one point so that the operator in 
charge of the machine is able to operate all the controls and 
observe the operation of the machine without moving from one 
position. 

Advantages and Disadvantages of Continuous Distillation.— 
Continuous distillation has numerous advantages and also has 
certain disadvantages. In general, the advantages may be 
classed under three headings: 

1. Uniform quality and high grade of product. 

2. Heat economy. 

3. Labor saving. 

The uniformity of the quality of the product and the high grade 
which can be obtained is due to the fact that the continuous 
still operates with uniform conditions at all points in the system 
and it is therefore possible to design the system in such a way 
that impurities may be taken care of much more satisfactorily 
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than can be done in the case of the intermittent distilling appara- 
tus, where the quality and quantity of a product varies 
continuously during the distillation of each successive batch. 

The heat economy obtained in the continuous still comes 
from two sources. In the first place, the heat required to raise 
the liquor to the boiling temperature is usually recovered in the 
continuous still by suitable heat interchangers, whereas in the 
intermittent still, all this heat is lost, and in the second place, 
the production of large amounts of intermediate fractions which 
must be re-distilled in order to recover from them valuable consti- 
tuents means that a large amount of heat must be supplied for 
this purpose. In the same way, the labor saving on the continu- 
ous system is effected in that there are no intermediate fractions 
to be redistilled. There is no labor in connection with filling 
and emptying and cleaning out kettles and the operation involves 
very little attention after the machines have been suitably regu- 
lated, one operator usually being able to care for a number of 
continuous stills without undue exertion. 

The disadvantages of the continuous system, however, are 
sometimes serious. They are in general: 

1. Excessive first cost. 

2. Sensitiveness to external conditions. 

3. Complicated construction and operation. 

The excessive first cost of the continuous system lies chiefly in 
the fact that the accessories necessary to permit automatic 
operation are frequently complicated and expensive, and while 
the fractionating columns usually are similar to those used in 
intermittent stills and there usually is no distilling kettle, the 
steam regulators, slop testers and other accessories frequently 
increase the cost of the equipment considerably. Also, the 
continuous still is very sensitive to external conditions. As has 
been noted above, the continuous still operates successfully only 
where the quality and quantity of liquor fed to it is uniform and 
when steam and water supply remain constant, and, if in the 
operation of the process producing the material to be distilled 
there are changes from time to time, where the material to be 
handled is variable, then the continuous still usually must under- 
go certain modifications in its design in order to handle the change 
in material, whereas in the case of the intermittent still it is 
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usually possible to handle in a more or less satisfactory manner 
almost any material of nature similar to that for which the still 
was designed. 

Finally, the continuous system is complicated in construction 
and the operation requires a man trained for the work, and since 
frequently the operation of distilling equipments must be en- 
trusted to relatively unskilled labor, continuous stills are fre- 
quently avoided on this account. In general, however, it may 
be said that other things being equal, the continuous still is 
much to be preferred. 


CHAPTER XVII 
AMMONIA 


The problem of manufacture of pure anhydrous ammonia 
from crude ammonia liquor obtained from gas works is one of the 
most interesting and also complicated problems with which the 
distillation engineer has to deal. 

Sources of Ammonia Impurities—Crude ammonia obtained 
from the destructive distillation of coal contains besides ammonia 
and water, a large number of other impurities consisting chiefly 
of compounds of carbon, sulphur and nitrogen. These impurities 
are frequently combined together in the form of such compounds 
as ammonium sulphide, ammonium .carbonate, ammonium 
cyanide, sulphur combinations of the above and various organic 
nitrogen compounds such as pyridene bases and other objection- 
able smelling substances of this type. There is a certain amount 
of tarry matter of the general nature of coal tar present in the 
crude ammonia liquor. Part of the ammonia in the crude liquor 
is present as free ammonia or ammonia hydroxide which can be 
completely removed from the solution by boiling while the bal- 
ance of the ammonia may be present as so-called fixed ammonia; 
that is, combined with some of the other substances in such a 
way that some treatment more vigorous than boiling is necessary 
to drive it out of solution. Most of the organic nitrogen com- 
pounds are in this class, it being usually necessary where these 
are abundant to combine with the boiling the action of a strong 
base, together with reducing agents of a suitable sort. In gen- 
eral, however, the process of recovering all of the ammonia from 
the crude liquor consists of boiling the liquor in the presence of 
milk of lime which decomposes most of the fixed nitrogen com- 
pounds in such a way that practically all of the nitrogen available 
is driven off as ammonia. A part of the impurities present in 
the solution, however, are volatile and are driven off with the 
ammonia during this process, and the equipment required to 
produce pure anhydrous ammonia, therefore, must have pro- 
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vision for the removal of these impurities which may be classed 
for practical purposes as hydrogen sulphide, carbon dioxide, pyri- 
dene and tar. The hydrogen sulphide and carbon dioxide are 
usually present in the liquor as ammonium sulphide and am- 
monium carbonate. Both of these compounds, however, are 
stable only at low temperatures and decompose at the boiling 
temperature, giving off in the vapor, hydrogen sulphide, carbon 
dioxide and ammonia. Jt is also true that the hydrogen sulphide 
and carbon dioxide are less soluble in water than the ammonia. 
Therefore, at any given temperature the partial pressure of the 
hydrogen sulphide and carbon dioxide in the vapor phase of 
equilibrium with the liquor will be greater than that of the 
ammonia. By properly arranging a machine, it is possible to 
get a fairly complete separation of the two volatile gases from 
the more soluble ammonia by control of temperature and 
concentration. 

The pyridene bases and the tarry oils which are present in 
small amounts in the ammonia can usually be removed by partial 
condensation of the vapor where some of the oils will condense 
out and can be decanted and by washing the vapors with some 
suitable relatively non-volatile petroleum oil in which the pyri- 
denes are soluble and which will wash them out of the ammonia 
water vapor. 

The bulk of the impurities having been removed by the above 
methods, the last traces of the hydrogen sulphide and carbon 
dioxide can usually be removed by passing the vapor through 
solutions of caustic soda which will combine with them and 
render them non-volatile. 

Diagram of Continuous Ammonia Still—The small amounts 
of tarry material present are usually removed by absorption on 
activated charcoal. <A very large number of designs have been 
utilized for the removal of pure ammonia from crude liquor. 
In general, it has been found that the continuous system of dis- 
tillation is the most satisfactory and the accompanying diagram, 
Fig. 32, will give an idea of how this system may be utilized for 
this purpose. 

A represents a feed tank for feeding continuously the crude 
ammonia liquor to the system. This liquor first is preheated by 
means of a vapor heater B and then it passes into the central 
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portion of a continuous distilling column HF. The columns 
used in ammonia stills are quite different from those used in the 
distillation of the finer products such as alcohol, ether, acetone, 
etc. In the first place, all apparatus to be used in connection 
with ammonia must be made of steel or cast iron. It is therefore 
necessarily of more or less massive nature. Furthermore, owing 
to the possibility of the formation of solid ammonia compounds 
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Fic. 32.—Continuous ammonia still. 


with the carbon dioxide and hydrogen sulphide there is always 
the possibility of clogging of the equipment. Therefore, if the 
plate type of fractionating column is to be used, the caps are 
made large with serrated edges and little attempt is made to 
obtain the intimacy of contact which is desired in the finer types 
of distillation equipment. 

Removal of Hydrogen Sulphide and Carbon Dioxide.—All 
parts of the ammonia system are constructed so that they may 
be opened up for cleaning at any time and everything is made 
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as accessible as possible. The continuous column, ZF, is divided 
into two parts, the upper part # consisting of a number of plates 
on which there are a number of coils containing cooling water, 
while the lower part Ff is heated by the introduction of open 
steam. The crude ammonia liquor running down over the plates 
of the column F comes into contact with the open steam and the 
volatile hydrogen sulphide, carbon dioxide and ammonia are 
driven out. Since, however, the hydrogen sulphide and carbon 
dioxide are less soluble at any given temperature than the am- 
monia, the two former are driven out more readily and therefore 
the vapors passing up through the upper column F contain a 
larger percentage of these gases than is found in the entering 
feed. The vapors passing up through this column come into 
contact with the cooling coils whereby they are partially con- 
densed so that if the temperature at the top of the column F is 
kept sufficiently low, the gases escaping from the top of the col- 
umn consist almost entirely of carbon dioxide and hydrogen sul- 
phide and practically none of the ammonia is carried off with 
them. It is, therefore, usually customary to exhaust these gases 
directly to the atmosphere and the loss of ammonia with them 
is very small indeed. It should be noted, however, in connection 
with these exhaust gases that both hydrogen sulphide and car- 
bon dioxide are very dangerous gases and should be exhausted 
outdoors at such a point that they will not be likely to collect 
and become dangerous. 

Treatment with Lime.—The liquor passing down through the 
column F and being diluted by the introduction of steam used 
for boiling, then passes out through the bottom into a mixing 
tank G where it is mixed with suitable quantity of milk of lime 
which is supplied from the feed tank M. The mixture of ammonia 
liquor with milk of lime then runs into the exhausting column C 
where it is boiled by the introduction of live steam into the 
bottom section. This lime leg, as it is called, must be designed 
so that the solid particles of calcium hydrate will find no oppor- 
tunity to become lodged on the plates of this column so that it 
would be clogged up. The column also must be made very 
accessible for cleaning on account of this danger. The lime in 
contact with the ammoniacal liquor at the high temperature 
is freed of all of its ammonia, which escapes from the top of the 
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column through the vapor pipe as indicated, while the excess 
lime, together with the non-volatile material is discharged in the 
sludge from the bottom of this exhausting column to the sewer. 

Removal of Oils——The vapor from the lime leg passes first 
to the reflux condenser which is used as the preheater B and then 
to a second reflux condenser D where it is cooled by cooling water 
to a fairly low temperature. It has been found that certain oils 
which are present in the ammonia will condense out at this point 
in the purification so that the liquor discharged from the conden- 
ser D if passed through an oil decanter H will have removed 
from it a considerable portion of these insoluble compounds. 
The decanted liquor then running back into the top of the 
exhausting column as indicated. 

Scrubbers.—The ammoniacal vapor now freed of nearly all of 
the hydrogen sulphide and carbon dioxide and of a certain amount 
of oils passes into a compound washing or scrubbing tower indi- 
cated by the tower J, K, and L. This column is divided into 
three sections. In the first section J, the gas is washed by water 
which removes from it a number of impurities which have escaped 
previous purifying processes. This water, of course, coming into 
contact with strong ammonia dissolves a large amount of the 
gas and the heat of solution is such that the water would be 
raised to a higher temperature were it not for the fact that cool- 
ing coils are supplied on the plates of the column. The wash 
water obtained from this column then is allowed to flow back 
into the central portion of the column F as indicated so that the 
ammonia thus dissolved of the water is not lost. The gas then 
passes to the second section where it is washed by a dilute solu- 
tion of caustic soda which neutralizes all of the remaining hydro- 
gen sulphide and carbon dioxide, forming nonvolatile sodium 
carbonate and sodium sulphide, the caustic liquor being allowed 
to return to the column F together with the liquor from the water 
scrubber J. The vapor now freed from the gases passes into 
the oil scrubber L where it is washed with a suitable petroleum 
oil which dissolves out of the gas all of the soluble pyridene 
bases, thus removing all of these objectionable smelling pyri- 
denes. The oil from this scrubber, containing but little am- 
monia, can be used over again, and it is therefore customary to 
take the oil through a steam heated oil preheater Q into an oil 
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exhausting column or oil leg S as indicated, where it is boiled 
by the use of open steam, driving off the pyridene which is con- 
densed in the condenser R, while the oil freed from pyridene is 
discharged from the base of the column into a cooler and oil 
supply tank 7, from which point the oil feed tank O shown 
above is supplied. 

Removal of Water.—The vapor from the oil scrubber L now 
containing only water and a small amount of tarry impurities 
passes to a condenser P where it is brought into direct contact 
with brine, the brine condensing out of the ammonia gas nearly 
all of the water vapor present. The condensed product, ammo- 
nia liquor, obtained is allowed to run back through pipe lines 
indicated into the top of the exhausting column C where the 
ammonia is handled over again, while the gas now practically 
water free is allowed to pass into an ammonia tower U where it 
is brought into direct contact with lumps of solid caustic soda 
which remove from it all of the rest of the water vapor down 
to the vapor pressure of water which is in equilibrium with solid 
caustic soda at that low temperature. The ammonia gas is then 
passed through one or two towers filled with activated charcoal, 
usually animal charcoal, which has the property of absorbing all 
of the tarry material present, recovering the gas escaping from 
these scrubbers, practically pure ammonia. This ammonia is 
then carried to ammonia compressors where it is compressed. 
cooled and liquefied. 


CHAPTER XVIII 


BENZOLIZED WASH OIL 


It is common in the industries to find gaseous mixtures which 
contain certain condensable vapors which must be separated 
from the rest of the mixture. Such mixtures as coal gas from 
the destructive distillation of bituminous coal, and gases from 
solvent recovery systems, are illustrations of this class of gases. 
In the former case there is ammonia, which is removed from the 
coal gas by washing with water, or by passing the gas through 
sulphuric acid. Coal gas also contains benzene and its homo- 
logues, which can be washed out of the gas by the use of any 
relatively non-volatile oil in which the benzene is soluble. In 
the latter case, the gases may contain such vapors as ethyl 
alcohol which is soluble in water and may be readily washed out 
by it, or the gases may contain such vapors as gasoline or benzol, 
in which case they can be washed out by some suitable solvent 
such as oil, as before. It is the case of the vapor which has been 
dissolved in the relatively non-volatile oil, which will be discussed. 

Light-oil Recovery——Gas plants which recover the “light 
oil’”’ (benzene and its homologues) usually do so by scrubbing the 
gas in tall towers down through which the ‘‘wash oil” (in this 
country, wash oil is usually a petroleum oil of high boiling point) 
is allowed to pass in countercurrent contact with the ascending 
gas. The wash oil leaving the bottom of the scrubbing tower is, 
therefore, more or less saturated withthe light oil at the partial 
pressure at which the gas enters the scrubber. This so-called 
Benzolized Wash Oil must then be subjected to a process of 
fractional distillation in order to recover the light oil and to 
render the wash oil fit to be used again in the scrubbing process. 

Wash Oil.—The grade of petroleum distillate used for serub- 
bing may be considered to have a boiling point at atmospheric 
pressure of about 300°C. In order to study the problem of 
handling this material, it is advisable to have a boiling point- 
pressure curve for this material. One method of doing this 
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where the actual vapor pressure data is not available is to make 
use of the modified Clapeyron Equation noted in a previous 
chapter 


close 
at eR 1 
which integrated gives the equation 
epepte 
Ingps= RT + constant 


For a straw petroleum oil of boiling point 300°C., L may be 
estimated as 11,750 calories giving 


Inp = — + 16.95 


where p is in millimeters of mercury and T is degrees Centigrade 
absolute. 

The vapor pressure curve of Benzene has been determined 
and the relative pressures of Benzene and Wash Oil are given 
in the following table: 


Temperature, degrees | Vapor pressure of ben- gan ee of wash 
Centigrade zene in millimeters oul in millimeters 
(calculated) 
80 760 122 
100 1,344 3.02 
150 4,334 19.7 
200 10,663 85.5 
250 22,214 282.0 
300 40,000 760.0 


Boiling-point Curve for Mixture of Benzol and Wash Oil.— 
It is possible by assuming Raoult’s Law to hold, to get an 
approximation of the boiling point curve of mixtures of Benzene 
and Wash Oil. 

Thus on the diagram, Fig. 33, the line AD represents the partial 
pressure of Benzene in the mixture at some given temperature 
t, while CB is that for wash oil, and the line CD, the sum of the 
two partial pressures, or the total pressure. If x represents the 
mol fraction of the benzene in the mixture the total pressure will 
be given by the equation. 

Pee xP, =) 
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Thus at different temperatures the mol fraction of Benzene 
in the mixture boiling at a given pressure can be calculated. 
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Fia. 33.—Vapor pressure relations. _Benzene—wash oil mixtures. 


The following table gives the results of such a calculation for a 
pressure of 760 mm. 


TEMPERATURE, DEGREES 
CENTIGRADE 


80 P=760= 1.22+x( 760— 1.22) x = 1,000 
100 P = 760° = “802 -4>x( 1944)— 3.02), x Orne 
150 P = 760 = 19.7 +x( 4,334 — 19.7) x = 0.172 
200 P = 760 = 85.5 +x(10,663 — 85.5) x = 0.064 
250 P = 760 = 282.0 + x(22,214 — 282.0) x = 0.022 
300 = 760 = 760.0 + x(40,000 — 760.0 ) x = 0.000 


The partial pressure of the benzene in the vapor above such 
mixtures may then be calculated and the mol fraction in the vapor 
phase. 

ppp = X Pz and 
PPB 
Xvapor — “hehe 

For the temperatures selected the following table can be 

thus obtained. 


Temperature, 
degrees x liquid PPs x vapor 
Centigrade 

80 1.000 760 1.000 
100 0.563 757 0.997 
150 0.172 745 0.981 
200 0.064 684 0.899 
250 0.022 488 0.642 
300 0.000 0 0.000 
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Temperature-composition Diagram.—It is now possible to 
construct a temperature-composition diagram, Fig. 34, for mix- 
tures of Benzene and Wash Oil at 760 mm. pressure. 

It is evident from such a diagram, that the two components 
are very readily separated from each other, a dilute solution of 
2 mol per cent benzene giving a vapor containing over 60 mol 
per cent. Such a solution would boil at 250°C. In order to 
thoroughly remove all the benzene from the wash oil by boiling 
at 760 mm., the temperature must be raised to 300°C. 


Temperature,Deg Cent. 


Wash Oi] xe Benzene 


Fie. 34.—Boiling point curve. Benzene—wash oil mixtures. 


Vacuum Wash Oil Still.—A still to handle wash oil at 300°C. 
would need a fire-heated kettle, or else hot oil must be used, since 
saturated steam would require too high a pressure, and super- 
heated steam is not a satisfactory agent for heating on account of 
the high resistance to flow of heat from it to metal. Fire heat 
is, however, dangerous, and is likely to decompose the oil in the 
kettle, while oil heating is often expensive and troublesome. It is 
therefore advisable to operate this still under as high a vacuum as 
possible, for instance, 28 in. Hg. (50 mm., absolute pressure). 

The boiling point of wash oil at 50 mm. may be calculated 
from the previous equation and will be found to be 180°C., while 
Benzene at the same pressure boils at 12°C. However, 180°C. 
corresponds to 130 Ib. gage steam pressure which is still high, 
and, furthermore, in order to condense the benzene vapor, 
cooling water below 12°C. must be available, which is not com- 
mon in warm weather. These difficulties can be avoided, 
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however, by the use of open steam injected into the boiling mix- 
ture of benzene and wash oil, thus converting the system from 
one of two to one of three components. Water is practically 
insoluble in both benzene and wash oil and there will, therefore, 
appear two liquid phases, thus limiting the degrees of freedom of 
the system to two as before, so that fixing the pressure and the 
composition of the benzene wash oil phase will fix the boiling 
temperature of the mixture. 

Since the water is practically insoluble in the other two compo- 
nents, their partial pressures at any temperature will remain 
practically unchanged, and therefore the presence of the water or 
water vapor will have little effect upon the problem of fraction- 
ation. The total pressure is then the sum of the partial pressures 
of the benzolized wash oil and the water, and by regulating the 
amount of steam introduced, the temperature needed for opera- 
tion may be lowered the amount desired. Such a steam distilla- 
tion may be carried out at atmospheric pressure. In such case 
the mixture of wash oil and water in the kettle of the still would 
boil at a temperature slightly less than 100°C. The vapor pass- 
ing from the fractionating column to the condenser would consist 
essentially of benzene and water vapor at atmospheric pressure, 
and it would be necessary to cool these vapors down to a temper- 
ature somewhat below the boiling point of pure benzene in order 
to condense them. The weight of steam needed to vaporize a 
pound of benzene would be the ratio of the vapor pressures at 
that temperature times the ratio of their molecular weights. 

Steam Consumption of Vacuum Stills—The question whether 
or not the use of a vacuum steam distillation would affect the 
ratio of water vapor to benzene vapor in the mixture of vapors 
passing to the condenser depends upon the relative changes in 
vapor pressures with the temperature. The following table will 
indicate how these vapor pressures vary. 


Temperature, Water, Benzene, F 
degrees Centigrade millimeters millimeters Rego B70 
100 760 1,344 Mewes 
80 355 754 2212 
60 149 389 2.61 
40 55 181 3.29 


| | 
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It is evident from this table that if the total pressure be so 
regulated that the mixture of water vapor and benzene vapor 
come over at 40°C., about one-half as much steam will be needed 
per pound of benzene as if the steam distillation were carried out 
at 100°. 

There is another economy in the use of steam distillation under 
a vacuum. It is always necessary to heat the benzolized wash 
oil up to its boiling point before injecting it into the still. This 


ll 


Fie. 35.—Vacuum wash oil still. 


may be partly accomplished by means of heat interchangers, 
utilizing the waste heat in the debenzolized oil, but high-pressure 
steam is always necessary to complete the preheating. It is 
obvious that the higher the vacuum at which the still operates, 
the lower the temperature to which the oil must be heated will be, 
and the less the steam pressure required for such heating. There 
are other reasons, such as freedom from leaks outward, safety, 
etc. which make the use of a vacuum in the wash oil still highly 
desirable. 
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Diagram of Wash Oil Still—A diagram of a vacuum wash oil 
still operating on this principle is shown on Fig. 35. 

Benzolized wash oil is held in a constant level feed tank A, the 
tank being under the vacuum of the still proper to insure con- 
stant rate of feed.. From this tank it flows through the regulating 
valve B to the heat interchanger C where it is heated counter cur- 
rent by the hot debenzolized oil issuing from the still. The par- 
tially heated oil then is heated to its boiling temperature in the 
high pressure steam preheaters D, two of these being furnished so 
that one may be cleaned without shutting down the still. The 
hot oil then flows to the top of the exhausting column HL where 
the benzol is boiled out of the wash oil by means of steam blown 
into the bottom of the column. The exhausted oil passes from 
the bottom of the column through the heat interchanger C, and 
then is pumped out against atmospheric pressure by the pump 
F, after which it is cooled, the naphthalene removed by settling, 
and is then ready for re-use. 

The fractionating column G serves to hold back the heavy 
oil, receiving its reflux from the regulating bottle M, which 
is attached to the continuous decanter J. This decanter sepa- 
rates the condensed water from the condensed benzol coming 
from the condenser H. The water flows from the decanter 
through the tester N through a barometric seal to the sewer P. 
The benzol is collected in the receiving tanks K, from which it is 
alternately withdrawn by breaking the vacuum on them. The 
dry vacuum pump L completes the apparatus, except for the usual 
accessories common to all continuous stills. 


CHAPTER XIX 
METHYL ALCOHOL 


Methyl alcohol is obtained almost exclusively from the des- 
tructive distillation of cellulose material, usually hard woods. 
Associated with it in the distillate condensed from this process 
are a large number of other substances; notably, water, acetic 
acid and acetone, together with smaller amounts of a large 
number of other substances. The problem of the preparation 
of pure methyl alcohol from this mixture is unquestionably one 
of the most difficult that the designer of distillation equipment 
has been called upon to solve, and the solution was not satis- 
factorily completed until the introduction of the modern 
continuous still. 

Impurities in Wood Alcohol.—<Acetic acid and the other 
organic acids present, are, in general, neutralized with lime or 
some other suitable alkali, thus rendering them non-volatile. 
The alcohol, acetone, and the balance of the volatile material 
are then separated from the salts by a simple distillation. The 
distillate thus obtained is known as crude wood spirit and has a 
composition of which the following is an example. 


MethylgAlcoholicw eters srrse o recktecnchs eae 55 to 50 per cent 
ING ELOM Coreen sn eis Ai NY atrie  r tse Sea erate 12 to 14 per cent 
Others purities. aes Gos oceecrert eee eeu eta sexs 5 to 10 per cent 
Pele ores ccc ete, Macon reiemane Aencnen Git cme case o. ee? 28 to 26 per cent 


The other impurities consist principally of the following 
substances: 


Aldehydes 

Methyl Acetate 

Ammonia 

Amines 

Higher Ketones (Methyl Ethyl Ketone, etc.) 

Allyl Alcohol 

Wood Oils (High-boiling, insoluble, complex substances) 
137 
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Constant-boiling Mixture of Methyl Alcohol and Acetone.— 
Methyl Alcohol can be separated from water by fractional dis- 
tillation. This is also true of acetone; but methyl alcohol and 
acetone together form a binary mixture of minimum boiling point 
which contains approximately 15 per cent alcohol and 85 per cent 
acetone. The respective boiling points at 760 mm. pressure are 


Methyl Alcohol Sixcd.ao- i oor ie rie chiro 66.5°C. 
AGEtONE aye ee Aakers ater eto DOmoEes 
Constant bollineamisshure were eee eee eee eee 55.93°C 
Allyl “AlCOnO] ia entre tcret eee eee Cate ieee ee gene Be. CC 


It is therefore impossible to produce a pure acetone from the 
crude wood spirit by fractional distillation without the addition 
of some new substances which will modify the respective vapor 
pressures of the alcohol and acetone in such a way that the 
constant boiling mixture is destroyed. This may be done by 
introducing into the mixture some material like Calcium Chlor- 
ide, which combines chemically with the methyl alcohol, thus 
lowering its vapor pressure, or by some material like Sodium 
Hydrogen Sulphite, which combines chemically with the acetone, 
which can then be removed from the solution as a crystalline 
addition compound, and the alcohol fractionated afterwards. 

“Methyl Acetone.”—The demand for acetone in the past has 
largely been for its use as a solvent, excepting, of course, the 
great demand for pure acetone as one of the solvents of Cordite 
smokeless powder, and since the constant boiling mixture, 
consisting of 85 per cent acetone, is also an excellent solvent and 
behaves physically like a pure compound, the latter has satisfied 
the demands of the trade, and it has therefore been marketed 
under the name of methyl acetone. The problem to be solved, 
therefore, consists in the separation of pure methyl alcohol and 
pure “methyl acetone” from water, and from the other impuri- 
ties. This is essentially a three component system, and as 
described under that subject, it is necessary to remove one 
component first and separate the other two afterwards. The 
method adopted here is to separate the methyl acetone (together 
with the volatile head products) from the aleohol and water, 
separate the alcohol from the water, and then finally separate the 
volatile heads from the methyl acetone. 
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Diagram of Still—This method is utilized in the apparatus 
shown diagrammatically on Fig. 36, with the omission of a 
number of necessary accessories in order to simplify the drawing. 

The function of the double column EE, is to separate the 
feed into two portions, one, containing the volatile heads and 
the methyl acetone, and the other the alcohol and water. The 
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Fria. 36.—Continuous methyl aleohol-acetone still. 


heads are delivered from the tester 7 to the bottom of the column 
G1, while the alcohol and water are delivered from the bottom of 
the column £, to the top of the exhausting column Fy. There is 
an accumulation of insoluble oils in the column F, and they are 
removed by means of a continuous decanter at D, just as fusel 
oil is removed in the rectification of ethyl alcohol as described 
under that heading. 
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The function of the column Fi/, is to produce pure methyl 
alcohol and discharge to waste, the water and any non-volatile 
substances which may be present. The liquor entering the top of 
F, contains a small amount of heads not removed by the column 
E,E,. These heads consist of ammonia, amines, aldehydes, 
nitrites, and ethyl acetate. In order to handle them, there is a 
special section J inserted in the column through which a constant 
stream of dilute sulphuric acid is flowing from a storage tank K. 
The vapors passing up through the column bubble through this 
acid, thus neutralizing and rendering non-volatile the ammonia 
and amines and tending to polymerize the aldehydes. The 
reflux down through the column is by-passed around this section 
so the two liquids do not mix. The spent acid is taken to a 
sulphuric acid exhausting column G2, where any valuable 
materials are boiled out of it and pass up into the column G4. 

The vapors rising through the column F; above the acid section 
J contain a small amount of acid, and this is then neutralized 
by introducing into the column at the point L, dilute sodium 
hydroxide from the storage tank M. This caustic mixes with 
the reflux, neutralizes the acid, and saponifies the ethyl acetate 
and nitrite. The vapors are now substantially freed from 
impurities in the form of heads, but in order to insure as complete 
removal as possible, the methyl alcohol is withdrawn “ pasteur- 
ized” from the upper portion of the column (as described under 
ethyl alcohol), and the heads thus liberated are taken to the 
central portion of the column G; in order to recover the alcohol 
present in them. 

The bottom section of the column G; consists of a sort of 
digester where the heads from the column £; are treated with 
boiling dilute caustic soda. The vapors rising from this digester 
pass up through an acid section similar to that in column F, 
and are then treated with caustic at a higher point. The purified 
methyl acetone is then withdrawn pasteurized through the cooler 
and tester B, while any remaining heads accumulating in the 
upper portion of the column are distilled off and*collected at C. 
The waste sulphuric acid from the column G, is withdrawn to the 
sulphuric acid exhausting column G», as before. 

Wood oils collect in the column F, and are withdrawn through 
a suitable oil decanter at D as in the case of the column F). 
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The feed material is therefore separated by this apparatus 
into pure methyl alcohol, pure constant boiling mixture (methyl 
acetone), concentrated head products, wood oils, and waste. 
This is completed in one operation, with a minimum of labor and 
heat, and the products are of a degree of purity unobtainable by 
any intermittent process of fractional distillation. 


CHAPTER XX 
ETHYL ALCOHOL 


The fractional distillation of Ethyl Alcohol is the classical 
example in the art of distillation. Nearly all the technical 
books on the subject of distillation deal practically exclusively 
with the problem of producing ethyl alcohol from its various 
sources, and the problem has unquestionably received more 
thought than any other phase of the subject. 

Sources of Ethyl Alcohol.—Ethyl alcohol is obtained almost 
wholly from the fermentation of various sugars, as are found in 
such materials as molasses, hydrolyzed starch, and waste liquor 
from sulphite pulp digesters. The conditions under which 
fermentation of these sugars must be carried out, are such that 
the alcoholic product usually contains from five to ten per cent of 
alcohol. This mash as it is usually called contains in addition to 
the alcohol and water, considerable solid material in suspension, 
dissolved salts of various kinds, and a number of more or less 
volatile substances which are by-products of the fermentation. 
The solid materials and the non-volatile salts can be readily 
removed by a simple distillation. The volatile impurities are, 
however, much more difficult to care for. 

It has been the object of manufacturers of stills, to produce a 
commercial alcohol of as high a degree of purity as possible. It 
has only been recently, however, that the introduction of the 
continuous still has permitted the production of a really high 
grade material. Continuous alcohol stills of the type perfected 
by Barbet are capable of producing continuously and economi- 
cally, alcohol of a high and uniform degree of purity. These stills 
will be modified in the future, as the action of the component 
parts are studied. The art of still building has suffered in the 
past from the fact that the problems involved have been studied 
empirically. The applications of physical chemistry in the 
future will be sure to be of great assistance in the solution of these 
problems. 
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Beer Still.—The first process in the production of alcohol from 
the mash is the removal of all of the non-volatile material, and a 
good portion of the water. This is usually carried out in what is 
known as a Beer Still, which is a simple continuous still of the 
type indicated in Fig. 37. 


Fig. 37.—Beer still. 


The alcoholic feed is supplied by a constant level feed tank 
A. This tank contains a ball float which operates a steam pump 
which pumps the feed from the storage tank to A as rapidly as 
it is used. The feed then flows by gravity through the feed 
heater B where it is raised nearly to its boiling point. Continu- 
ous stills are often fitted with recuperators where the incoming 
feed is heated by the outgoing hot waste from the bottom of the 


144 FRACTIONAL DISTILLATION 


exhausting column. Where the liquor contains solid materials 
that are likely to form deposits on the heating surfaces, recuper- 
ators are not used, on account of the difficulty of cleaning outside 
of the tubes. The vapor heater shown at B has the liquor only 
inside of the tubes, and the fouled surfaces can be very easily 
cleaned by removing the top and bottom heads of the heater, and 
running cleaning devices through the tubes. 

The hot feed, then, is introduced into the top section of the 
exhausting column C where it flows down from plate to plate, the 
volatile materials being gradually removed as it comes into 
contact with the steam blown in at the bottom through the 
perforated sparger pipe L. The exhausting column usually has 
from 12 to 15 plates, each plate being large and deep to give a 
long time of contact of the feed in the column in order to insure 
complete removal of the volatile substances. The complete 
removal of these substances can be readily tested by what is 
known as the slop tester. Vapor is withdrawn from a plate near 
the bottom at H, any liquid removed by the separating bottle, 
and then the vapor is condensed in a suitable condenser J, from 
which it flows to a tester J where it can be tasted, or its 
specific gravity measured by means of a hydrometer. The 
exhausted liquor then is discharged from the bottom of the 
still through a suitable seal pipe M. The rate of introduction 
of steam into the column is governed by means of a suitable 
pressure regulator. 

The vapor leaving the exhausting column for the heater is 
substantially in equilibrium with the liquid on the top plate of the 
column. Partially condensed in the heater, it suffers enrichment 
in its aleohol content, and then it passes to the condenser where 
it is completely condensed. The vapor condensed in the heater 
is returned to the top plate of the column together with a greater 
or lesser portion of the vapor condensed in the condenser, from 
the regulating bottle Z. The distillate flows through the tester 
F where its volume and specific gravity may be measured, to the 
storage tank G. On account of the partial condensation in the 
heater, the distillate from the 5 to 10 per cent mash will frequently 
run as high as 30 to 40 per cent alcohol. 

The water supply for the condenser is obtained from the 
constant level feed tank N. 
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Crude Alcohol.—A sample analysis of such a distillate obtained 
from a molasses mash showed, in addition to the alcohol and 
water, the following impurities: 


PER CENT 
Organic acid measured as acetic acid ..................00-- Ont52 
Histers measured asiethyl acetate...............+....++-+s-.- 0.071 
Aldehydes measured as acetaldehyde...................... 0.015 
J DUAGRD EHO oor Preece Ci ray Mac ied IN me Se RN ec NI pa 0.00019 
Higher alcohols measured as iso-amyl alcohol.............. 0.412 
Nitrogenous substances measured aS ammomnia.............. 0.0006 
Dephlegmator Gays OH 
| Ay] ester 
‘ | 
Regulating; 
Bottles: 
Coun) —$— 
' receiver 


Kettle 
Steam 


Fig. 38.—Modern intermittent still. 


Neutralization.—Before this impure alcohol can be refined it 
must be neutralized with some suitable alkali such as soda ash. 
The neutralization must be done very carefully since if the 
solution is boiled when alkaline, the nitrogenous bodies set free 
amines whose disagreeable odor is hard to remove in the finished 
alcohol, and which also form blue compounds with copper 
and color the alcohol. They also tend to combine with the 
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aldehydes forming resins which are 
likely to gum up the column, or 
color the alcohol withdrawn from 
the column yellow. On the other 
hand, if the solution is acid, 
esters will form, and any unde- 
composed ammonium acetate will 
react with strong alcohol forming 
ethyl acetate and setting free 
ammonia. 

Intermittent Stills—Formerly, 
most alcohol was rectified in in- 
termittent stills. The accompany- 
ing table gives the results of a 
rectification in a modern inter- 
mittent still (see Fig. 38). The 
distillate was divided into the 
fractions indicated. 

It will be noted that the fraction 
entitled ‘High-grade Alcohol” 
comes rather far from being a pure 
alcohol, and, furthermore, that 
this fraction contains but 26 per 
cent of the alcohol in the original 
liquor. In other words, 74 per 
cent of the alcohol must be re- 
handled in order to convert it into 
high-grade product. 

Continuous Stills——The use of 
the continuous rectifying still, as 
developed by Barbet, has enabled 
alcohol producers to put on the 
market an alcohol of higher grade 
than the best -—produced by the 
intermittent still without subse- 
quent chemical treatment with 
charcoal, etc., and to avoid the 
rehandling of intermediate frac- 
tion, at a considerable saving in 
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time, labor, and expense. A simple type of such a still is 
shown in Fig. 39. 

This still consists essentially of a purifying column C and a 
concentrating and exhausting column D. The function of the 
purifying column is to remove the volatile head products, which 
can be separated from alcohol by fractionation. The function of 
the concentrating column is to separate the alcohol and water, as 
well as the impurities which are not removed in the heads. 


G H 


I J 
an ———— 


A 
Feed 
Tank 


—> 
—— 


| 


Fria. 39.—Continuous ethyl alcohol still. 


The purifying column is fitted with a reflux condenser G and 
condenser H and is independent of the rest of the apparatus 
except that it receives the hot feed continuously from the recupe- 
rator B and the feed supply tank A, and delivers the purified 
dilute aleohol continuously from its base to the other column D. 
It has its own steam regulator O and cooling water supply and its 
rate of operation can be controlled according to the amount of 
impurities to be removed. 
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The operation of the purifying column can be readily under- 
stood from the following diagram (Fig. 40) which is credited to 
Barbet. Ordinates represent the plates in the column, there 
being 13 plates above the plate on which the feed enters and 10 
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Fia. 40.—Diagram illustrating action of purifying column. 


plates below that point, 24 plates in all. Abscissae below repre- 
sent per cent alcohol, and above, grams of impurities per hecto- 
liter. The left-hand side of the upper scale is made logarithmic 
to exaggerate the very low readings while the right-hand side 
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(from 1 to 15) is a normal scale. The lower scale is normal 
throughout. 

The feed consists of a 50 per cent alcohol solution containing 
heads amounting to 0.5 gram per hectoliter, and higher alcohols 
(fusel oil) to 2 grams per hectoliter. The mixture distilled from 
the top of the column is about 95 per cent alcohol, containing 12 
grams head products per hectoliter, while the solution dis- 
charged from the bottom contains about 40 per cent alcohol, 
no head products, and 3 grams oils per hectoliter. 

The 40 per cent solution then enters the central portion of the 
column D. This column has the reflux condenser J and the 
condenser J, and is fitted with a perforated steam pipe and steam 
regulator P, as in the case of the column C. This column must 
remove, as far as possible, the water from the alcohol, and 
remove the impurities left by the purifying column. 

Alcohol and water form a binary mixture of constant boiling 
point, at a composition of about 96.5 per cent alcohol by weight. 
This mixture boils about 0.2 degrees below that of pure alcohol, 
and therefore alcohol can be freed from water only up to that 
concentration by means of fractional distillation processes. 

The impurities left in the alcohol at the entrance to the column 
D consist principally of the higher alcohols, propyl, iso butyl, 
and iso amyl. These alcohols are completely soluble in ethyl 
alcohol and can be separated from it by fractional distillation. 
They are, however, only partly soluble in water, and are therefore 
volatile with steam when present in excess of their solubility 
limit. It should be remembered that in the column D, the liquid 
on the top plates is practically pure alcohol in which these oils 
are soluble, and that the liquid in the bottom of the column is 
practically all water, in which the oils are practically insoluble. 
The concentration of alcohol on the intermediate plates varies 
between these two limits. When the oils are introduced into the 
column with the dilute alcohol and run down over the plates of 
the exhausting section of the column, they reach a concentration 
of alcohol so dilute that they become insoluble and separate out 
as an oily layer on the plates. The oils are now volatile with 
steam, and their vapors ascend into the upper portion of the 
column. Here, however, they are soluble in the higher con- 
centration alcohol and dissolve. But, having a higher boiling 
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Fie. 41.—Diagram illustrating action of rectifying column. 
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point than ethyl alcohol, they are forced back down the column. 
Since they cannot escape either from the bottom or the top of the 
column, they therefore collect and accumulate in the central 
portion of it. It is therefore possible by withdrawing the liquid 
from these plates, where the oils have accumulated, to separate 
them from the aqueous layers by decantation and return the 
aqueous alcohol layer to the still. This is the function of the 
continuous oil decanters Q and R, which deliver the decanted 
oil to the tanks S and 7 respectively. Since these oils are less 
soluble the lower the temperature, the liquid withdrawn from 
the column is sometimes cooled on its way to the decanters by 
suitable coolers. There are usually two groups of these oils which 
are of quite different solubility. These collect in two separate 
portions of the column and must be withdrawn at these separate 
points, as shown, the oils less soluble in water collecting higher 
up in the column than those more soluble. 

The ethyl alcohol delivered from the top of the column D 
would be freed from all of its impurities other than water, by the 
removal of the oils, were it not for the fact that during the boiling 
in the passage through the column, more of the volatile esters are 
formed, than were removed in the purifying column. These, 
therefore, tend to accumulate in the top of the column, being 
more volatile than the alcohol itself. This condition may be 
shown by another Barbet diagram similar to the one for the 
purifying column, Fig. 41. 

It will be seen from this diagram that the alcohol has reached 
its maximum strength shortly above the twentieth plate above 
feed inlet, but that the concentration of heads at that point is 
only about one-fifteenth that at the top of the column. It is 
advisable to withdraw the alcohol from the column at this point 
rather than from the top, and this act is that known as “ pasteuri- 
zation.” The heads are distilled out of the column and con- 
densed and delivered to a tester N in the same way as the heads 
from column C are delivered to the tester M. The hot liquid 
alcohol withdrawn pasteurized from the column is then cooled in 
a cooler H and delivered to the tester F. 

The waste liquor from the bottom of the column D flows 
through the recuperator B and then to the sewer. 
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Table I. Fire. 2.—Temperature relations between certain liquids and water 
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seen to amount to 1300 mm.) 


120 | | =; Taal oleae cae : ; ile a 
110 I 
100 I 0-Creso/. 
: IL 0-7oluidine 
Y 90 I Mtrobenzene z 
OD IV Naplethalene Ey 
© 80 Y O- Nitrotolvene TIE 
a9 MW p-Nitrotoluene 
pl Wil Benzoic Acid! AR OAK 
5 60 Wil Salycilic Aca | 
= IX n- Capric Acid 
% 50 =i X Glycerine r 
£ 40 
ae 
5 30 | 
a 20 = 
£ 
F 10 
0 ae ee ee 
-10 aT 


| 
2045 50 60 70 80 90 100 NO 120 130 140 150 160 110 180 190 200 210 220 230 240 250 260 210 280 290 300 
Temperature of Liquid, Deg. C 


SUjoey sl,  Thiwet, Be 


FRACTIONAL DISTILLATION 


156 


SSS EE ee ee eee eee 
68% SFT 8's Le sell Wei! 6 SZ @ LL DEO AOOBIEID) ||" 2 78190 [ANIA | Z 
TOI=| CG S|) ee SI Oe IG 8°92 MOD |eo ee opuoryowsjaL UOqIeD | FT 
87 861 Suey TONE ee SpHOoToU snAoydsou ges 
age g LI eel dts OW Late eb ise wt ae °PPOMTAuIa 17g 
Lue) 28e=| O@=| 68 S| Eo sel wai 0°69 als Oy ne aoe OO REE | ii 
0°S3—| L7°9I1—| 189 910 +} &1°8 +] 29°02 2°49 HO*'HO _ Jeuoory Tange Ta |For 
b'F9 ABLOEIO)1BIO) (| 9 PASAT TSG nFG 
ae SOHO [000007702 maojor07q | oT 
9 “OT 0°ZI—| go's Z'8 GL '8¢ SLSR ae nig a ae mnonene SUOLO LE IEG 
ME =| Os7 I 8g IDEISO | Paeneciey pease SCHR CRO SGT | 15 
0's¢ UONETOM BIO) SPHOoryO) eue pr Aug 
B57 =| Ore I °2¢ PISLOM DG IBIO) jo OS Sve120¥ TAUISIN |G 
9°9¢ PTOOOTHD [oo ee auoqaoy | 7 
8 FG é 81 6 97 6 9¢ BIOS} aang > SPHoTqosey, WooTTs || 1 
BU | PE ar (She THEOSOOH [77s eqeursog TANIA | Z 
¢ "0s ASLO AA SIOMISIO)) S/S OO Oe DNR NG) | iit 
PCE) SMES! Ae OS SS =| Osa CSOn My eee ee eprydmsrg woqie | 9 
b GF JUTSU Te Teams a iy oe 2pIpoy TAGIETT 
6 IF CELE OU GEO Noahs Saat eae es eto TeAq39 11 
TSC er sOL Pn Gass ELS ELON pas ae ep ee opruorg [Aut | ¢ 
Toccata metas cae Cl (te ec coe auuquog-u | F 
OCs || 1 Oras OL CH LO) Siac me ia es TOU [SUNT | € 
Seer 8 18 PLBID AO ONSE || epee eveurTIoT [AUIOW | B 
O'3E—| 0°0Z—| S6'2z SUETO)) Valea esteeeios aoe euequedosy | T 
8°06 CQ ETO RIO) ee YD ONT | 
| of 6 eR ETO)) IN [te pasha Soe SUITE AYZOUIIT, | 
soinssoid 
ea ‘uur Gg | “uu QT | ‘uu 9g | TUT Og | “WUE OG | “MU OOT | ‘uur Og, | e[NuII0; [vorMEYD | punoduroo [voruzeyD ae 


-W9} SuTIog | | | 
a a ee ee 


(e0Bjolg 90g) Sinqueyooy woz Aporyo 8[GBY STU, 


MIGHT OL ONIGUOOOYW qaONVaay ‘sauanssaug INGYAIAIG LV SGONVLSdOg 


aAdVUOIINaAdD SHaUDad NI TUOALVAAdWN aT, 


“HUOSSHug “Wi O9L LV SLINIOG ONITIOG 


410 SAUDLVUTAWAT, ONITIOG—]] @AIavy, 


157 


APPENDIX 


i 


Poh | ¥F°6S L°911 EKO” OO SEO ae es tin o7euRoyeA [AYP | 1S 
LF 16S € 911 HO200"HO ‘ oyeqoow TAyNGoS] | 1Z 
6 FIL 2ON°H*0 /oueyy OLIN | OT 
Saar 0°2z 0 Fe 9 °IF 61S GFII N°H'O ‘ourpuAg | 8z 
Be S| “3 WKS 6 63 9°6@ | se‘s¢ aaa OUS “OprqoyyO ull | 6% 
0°9 6° LT GSS 98 81g FOI ®HO'HO Sper ip auINTOL, | 8g 
z°8e 9°E¢ TOIT SELES) @) sets ©) | eee nun Joversqnqosy [AYIA | 1Z 
O@ =| 2% 6°91 CFS 6 °F 8°0¢ Z 601 BEETS) | ans aerate ‘yAynqosnq | 8 
Tae Cale 6° j OF €°L¥ L119 6° LOT LOSE Ou |p ae ae ey TOyooTW [AyngGosy | 7z 
9° LOT O2BFHCOOE ae ate oyeIpPAH-ploy omms10 7 | 9% 
Bait 1 es FOE 3 GF 0 °90T IBAA 8 OS STO NAB FO) || SS OS Bee eutpiedig | gt 
0 °90I HO*HO'OHO'I00 |°°-° TOYOOTY TAIIN-[R10TYO | ¢z 
€ 0 i SEOKOVOMISHO) || 8 euojoy [Adorg [AYP WW 
0°61 6 ZOT HOO'H*02(*HO) emigre Auta Au oo | 7 
LQ =| ey 9 °C BASE 0'ge 0°SF 8 °ZOT ®HO*%00!H!®O eqerding [Aye | & 
Z 06 0°&s 8°ZE Sw Aig Z ZOT KEHOO) TO oO: la mus acanacn eyeqooy [Aq49IC | ST 
Vet 4c\) ech NGS 9°GE I 'L¥ 9 TOT “HEOtO00fHO “"""-ageja0y [Adorg | Z 
SO =| Sei Gc 6L 0'1g 6 OF 8 00T FICO) Elid ag ae prey oms0g | eZ 
€°t+ FIT £°3S 6 6 Sass L-1g 0 '00T (Oia Sean eae poe Ch ae 1978 
2, =|] ee Sel Oren lt 808 6 FF 0°66 FICO)? OO AICO) | aneaenceen onan eyeuordorg [AYIA | Z 
g'86 Ans Oy tae ge Baer tane ye suetAydoH | CFT 
be =| 36 €°91 $°9G 9°IF 7°86 SUT G ict pi tis ove ec Re ae eueydey-U | ZZ 
0°61 ¥ 8S 6 GF 6°16 *HIFOZOOH ezyeuIoy [AINQoS] | 1% 
0°91 eG FOF 1°16 O)SVOP GO) Se AS AE Se iO. oP [e10TND | 02 
SI GaSe 0°98 @ 8h Bae C16 O*H' OHO*IOO "*0qeip4H [BIOTYO | 0% 
GS Sell CSIs Ces 80g G 6g ss $16 HO!H®O ‘yoyooiy [Adosg-u | 6T 
6 °S6 INGO INGO EIS HOM ny wep eae eae Be [yruoidorg 
SES QS Sh 27 9 °F1 ZG 8 °se €°26 ETITOS OO HE) ai anes -operkanebsy LAUTAN | 
OPS GSOnAS exes lice 6°88 LEE OOOH @s eae s ouojesy [Adordosy [AUAeTN | ST 
OFeT | VOLE 089 0°9T 8°0E 6 'F8 THO "7 **ouezueqionyy | JT 
G8 1IO*HOIO7HO ““epuoryD eue[Ayyg | OT 
Oe | Overs) Py = BE L-¥1 06 6°08 “H®O%OOH “-*oqeuri0og [Adorg | Z 
Sar OIL GSS 6°08 sTHIO “aueTAyyourexey | OT 
Exeo—|) OER S|) eae =) 8or 9°IL 8S Z 08 SETI)! edit et ark aed aay oa euezueg | FT 
£°SS 9ST Sik 8°P aaa! TSG L°6L ®HOZO0%H40 eyeuordorg [Aye | Z 
L°F1 eF SeOR Te Oecl S71g OES | Cl ISH OMIEIY®) |= 22 SOS er eces. TouoorTy TAu9q | ST 
soinssoid 
Sie aaa “wu g | “WM OT | “Wur gg | “wu Og | ‘Wu Oe | WU QOT| “wu QO, B[NUIIO} [BOTUIEYO) punoduios [wormeyy a 
-dwe} surpiog 


ee 


penuyuoj— J] Wav J, 


FRACTIONAL DISTILLATION 


158 


0°62 az 9 "0g 8 ‘19 b SL O‘IFI SUSIPIS HO) CHB TEN O/B) [°° 2° epruicag wopAdorg | gz 
Git | | 
Oe} 19:68 | ter | tee | F099 bite 129778 © OFT FOOT | ee poy suordoig 9¢ ‘FE 
008 J O'1e 0 '€F G 681 FINCGCHIO) | “"" eurary [Ayngosiq | Fz 
00 1 6h 2°09 | 6°92 Z 61 SETURL SO ele aca ee ie A eek a eucjAX-W | cg 
0 68 HO HO?@HO?HO) (OYooly wefAYJouLBIUeg | OFT 
0°SF G6 ¥'9L 6 SEI (CC ETO) a1 0) ae nn a ""** eueTAy-d | eg 
08% 01 9 “SEI CS CECC)) tiie oem ea anmanie “sceprydqngs JAITy | 2% 
"99 Sa 8 9ST EMO OO PBGy|| 222 eyeuordorg [Ayngosy | 1% 
008 2 OF PLS SPL 9 “98T SEMO FISK) y/o CORE IR SE 270 euezueg [AYIW | CE 
66 & 6 9 ge 4°99 | £0 °F0T POET OZ(@@SETO) F | aeenene ape eprupsyuy 91490V | gT 
01g 0°19 PPL € FI ABM OXOIOMEI®) || OR 22s SPOS apeueroyeA TAQID | 1G 
o'8h L°8S 6 eZ 6 E&I AL ROMO HIERYO). | 22 Pe eee ozvisyngosy [Adorg | 1Z 
aS ‘s FOr 81 GFE LOY L°8S FOL 8 TST [Sys Woy |S eee eee suezuaqioTyD | LT 
‘ | 
liege aa 9°sI | 2-%e | 91+ Seon ay 02 eerie fH aH. eee oprmorg werAqag | OT 'g 
ae Z 08 £ OF gig ¥'8¢ 6°99 | 2°08 T 081 ISKOW TEED) SPSS es JoyooTy [Atuvosy +E 
GST ¢°9G CRAs 0-¢¢ SF TKSIE || AISEDMOVO) 1800) OAC Sto) nl Pe Ss ®PIXO TAUSOTT | ST 
VPS bLE 1 oF gg | j 9ST INE @) SET) ema ca es igen DsODEE | 
Bs Bee 161 Sang €6e 20H |) O26 8 SSI SRETS ON ideaaae arty sy era aa oueqoOQ-u | Eg 
. 9°81 S66 z 6 8 LP ca) Seece EHOFOOH “-9zeuI.0y [AWW | TZ 
I 831 *(OHO®HO) | 7 epkyepyereg | OL 
0°61 O01 0 S21 SH8O | °° °°" (ouet49xQ) euspArdeD | £¢ 
0 ‘SF T'¢9 GucGl EEO) OO) TELCO) aie eataeteaa as oyeuotdorg JAdorg | TZ 
OL POL 062 | 98 | 8 °9F €°Z9 & OZI VEDEOL OOO) ena te ayerdgnqosy [Adosdosy | ZE 
O°LT o-oe | 0 021 ISILON Sa ie pa ine oprtpoy [Aynqosy | FZ 
e'e (Ove We 9}c9 6 6IT HEMOMOOMSIO) ea ay eae eyerAyng [AUG | 1G 
of g"¢ 891 € 6 9°98 Rie | 1g) L°811 ZOOS ETO) iva iene cae PY 9Ne0V | 6 
¢ Cele eORLe ve cep | 9°SIT | 1g | 
“HO “HO HO*@HO) epruloig [AUIBOS] | QT 
ail ole oa G2 08h 6°9¢ 8 69 9 LIT | HO*H'O “TOYOOTW [Ayng-a | gz 
soinsseid . | ~ va | 
eee “Wul G | “UU OT | “Wu Og | “Wu Og | ‘Wu Og |-UTUT GOT | ‘WU Gg, B[NulIO} [BoTUIeYyD | punodutoo [vormryy yee 
-Ui8} SulIog | | ; 


————— eee tt 


panuyuoj— J] Iav ], 


00% 
q Shes FLY 9°6¢ 0°GL €°08 6°06 F 90 Z SOL TBRCORO VAS Ose dr as lee ploy ousyng-u FE 
o's 
00 0'9F 0°Z9T foe "HQ POI “-ouenor, [Aurq-d | Fz 
¢ “TOT Of ont? Ho | FRE etna Re nee tea jompmg | g¥r 
6 ‘SF 9°6S e-99 ey) ¢°T9T TOOL Ol tae eo OUI LOGO) eT, 
0'9F 0°29 G09 BEET CUO) like oc emma teen ane SHOUCUIE A ON 
£°6S 6 oP $°6¢ 0'OL $08 +16 Z O9T THO20O%H*0 | "°° -eyeuordoig [Aw | Tz 
0 °oF 0°Lg 8 °8ST a SAO MISO Nae a eee suezueg [Adoig-u | $Z 
0°LST OVA BECO ere et en gr ToqooTy [Axey-u 
€°9L L°¥6 6 9ST SHIOR004HEO “7 oqerkgng TAynqosy | 1% 
0°%s o'se 0'e¢ 0°€9 0°62 0°26 0°9ST BH SOO il|= OCS eran < Shane Gute gueutg | ¢ 
c'6L 6 £6 6 SST Ais ICO OO SEAO No ce OY a Se oyeueieye A [Adorg | 1g 
CGP G SCT ®HOO'HIO | ‘(1ostuy) reuag [AqPeW [AON | FZ 
06 OL 
ei 86 9°0F ze &°19 0&2 0°06 Greer TETSET SSN aes So la suezuequioig | gz 
S oS J o-ze | 809 CSL 106 I Gel ACISIO) EVOSIERIO), [2° Pe 2 euezueg [Adoadosy | cg 
= € SF SPS 6°19 02 FSS 0°¢eT OHOICHO)ENOs |e me wean epAyeply [43dey-u | 9z 
% LL-9L € PEt | H7OO*HOF NE(EHO) Joe 07BJOOV-OUNUB[AY POUT, | 2 FT 
a , 
x 2°0 
¢ ous 88g 01S z°S9 PIL SES 9°16 €°SST TLOOAEIEO)| ieee “** "plow otAynqosy | Fe 
oz | O°IeT NH°O OOfHO | °° '* + eu0joy [AUIW-u-[AqIeT | 6E 
8 6 ‘OF 6 6F Y9¢ 0°99 GOST BELCTCT OS Ra acco laa wiojouloIg | ST 
0°se 0 6F 076g 0°OL 0°98 G6FI CUET GS) Mie asa ck cae euvuoN-u | ge 
GIF gee 2°09 Cay 0°16 Z ‘StI SOINEEIE@D he star mee tes LO preysny [ATTY | ST 
o'ee Z SFL TLE SO) sie Oe ee ee aprpoy [AwyY | FZ 
0 '0F G LPT ELECOSON ss a0) eine cee noo Ag TNT Aun Val ep 
09g Z°89 8 Ss 9 ‘9FT SEO) SOO ZEON tan eee ayerAynqos] [AIngosy | 1Z 
09g 0 6F G SFI GENO) TSO RISEIO NS SY SS DE SO NS REN! | KE 
CTT 9S I ‘F9 aS (Maal EA STO) IB RIO) ee POS SOO Se 0 austhy-0 | ce 
oes $°¢9 6°18 L GFT AB BOOYOBIO) ||P 772°“ “Tess -oqvrAyng [Adorg | 1% 
soinssoid 
pace Ulu G mocgeos OL mecgeos 0G wu 0o€ “wu og |‘Wur OOT | “Urur O92 e[nurloy [eormeyy) punodutoo [BotmeyyA aa 


-m194 suTIOg 


SSS aE EE 
panuyuoj— JI WIA J, 


FRACTIONAL DISTILLATION 


160 


I 
een 8e 1, F708 orzo | Ze | oes Goi) Seerrs) . eeeee OU ON oe Se spaqopreruog | 83 
‘ : 6°99 OOZT | OBERPOI) [occ cence eee tere joour, . 
of “GP ) O's | 0°98 Si acca le TOUOoTY IAI40H-P | ¥% 
0°s9 OL =OIT Ae rHEl Se One ent mee ce jouerdoyy [AqI0TN | 6F 
: S 0 TN 0 "GPT ee Oat eta at er aos epee eee $Z 
: on So guouowry-p | #Z 
019 Oren OHOMHD [tt pekaepi aso y 
0'LF 0 “6G” 0°SLT Os Boy || 29 Oe care ann ab ausrpueleyg | LP 
O°e2T orppotry [ttt e ete e seer auexsaatsg 
1€°0 
¢ Fe L°8g cr €°€8 ‘16 OL | 2 °Sir L PLT A ES tinewncas tae ge a Bessel ee 
: Sent HO YETI) [ities ee bs gjousa-d | oz 
o0F | € 29 TFL ‘08 "Z6 1 OIT O' PLT OED OS CRON Nita te Bae aaa [eworg | 8T 
0 EAT 00°HO?HO 
FO) OOS CMO) ye ee euousydey [AIAN 
0'¢¢ 0°89 “SL ‘06 0°20 0 ELT LETT SEO) IN ia oe ee eat a eueo9d-u |) ge 
0'9¢ | S GLI O2C5EO) 9 iene erat miiree Joyta [AUrY | %% 
0% 0'89 "88 0° LOT DAT 1) StOVARISIOy) sto iB FON || oe suc[A0eq | GF 
0'6¢ 0°02 "92 ve OSLT PESO ROTEL O. tetas eee dies meee [oyeueyd | FF 
0°69 Noe gt OO OW otek ple rel aE KG 
ae Hoty [orcs ee hers ae 
0°09 ; O'TAT EE OROO Ola ame) Om SZ Oe AUR OTN an 
0°89 0'T8 O'TLT HOSA OO! EO) annus joyooTeanying | ZF 
oor Oe Sec oe Un ort 
0°92 €'98 ¥'F01 8 ‘891 NOKOOED tee a oe oyeraynqosy [sury IZ 
: ’ 0°92 €°¢8 8 FOI L ‘891 BLO OO EIO) O98 8 opvuBIo[e A [AIngos] | 1G 
ee v'OL DLL 1°98 pee Co “--opupsquy PRY. omeldotd 81 
; : HD EHIO [Stott uspAtsa | $z 
0'8F 9°19 POL 0°28 +66 b POT TPHO*HOIGO | aprulorg ue[AyIoMIIT | 8Z 
0 'F9T TEAK) ||P 2 Bee eee 97B[BXO [AYP | TP 
¢*Z9T SASS TOVCESI TBTO) |" 8 e ous[AU I WoIqUy | FZ 
soinssoid | 
1g | 5 
eet Wu ¢ UU OT | Wu Og | "wu Og} ‘WU Ce ‘WU QOT| ‘wu gg, ‘B[NULIO} [eoruleyD punodutoo [vormeyg Pa 
-ul0} SUT[LlOg | ay 


panuyuoj— TI aavy, 


APPENDIX 


; : 9 POL O°STT 0°ZEL 6 88T IEIROVSOMIEIO) || SP 8 PPV oMeoV Lo[yoouoyy | gz 


aan FTL L°¥8 6°96 
eee g ‘og @°e9 0°SZ 0°28 2°66 I ‘SIT Gass LEBER Wes Se oer euezueg Opoy | ZT 
o0F J 
0°89 881-98T JOHO*HO*HO OOH J* 801168 Teuouequeg | TET 
0°69 0°18 0°98T STETORO) | ¢ OF 
0°86 THO CFL 
68 °'96 € SOL | S°sir € SST *(*H%0700) 8I 
0°19 ¥ SL 0°¢8 6°36 | SL°SOr | O-vZIT € SST SII aurIpoy | O¢ 
0°08 0°€6 0ST ESO O AEE) ly gates cacao Ply omM04oID | FZ 
0°99 DESL | BISISOYO KETO PTE ig) |} Deen sae: OUI qq [Azuag | FZ 
1 29 6°99 L°6L ¢°88 FOOT I ‘SIl Si Tsl °(°HO)N(@HO)FHIO “""*"** guipmyoy-o-jAyyeurg | 8z 
T’0 
_ofh 
Oe ceil 2 OL aesrUS'\" cee. 2 "GO| Laczit nes aer F FST TOD TG recs PHY ommerereA-u | gz 
[o>] 
us 
89 
I . 
po te cero) ce Go) ese: ll) 6-06" |G 10T > 6LT 6 "EST SHNIHSD [ooo tees eee PP ournwa eer 
o8 TS } 0°89 0°08 0'€8I “HNHO!HSO | 177+ ee a eurury [Azuog | $z 
F'E9 GGL 0s L°o6 0 €8T IBLO MASI S BIG) (SCG Se Bano ot suEeNTOT, Woig-o | ST 
8°89 162 9 ‘Gg 1 °S6 O°S8T | | oO 
PHO O) MOOSE @ ila aaa suLIpAYyIOTyoIq-o | gt 
I * 
Cle) merce) iceren | he eeu areal Wrest |ieccoers | ae ttor ee LOT ene eae "reoer ss Touayg | gz 
gee | oL9 € 08 0°88 c°c6 8 ‘OST *H°0°HO OOfHO |" 07+ ++ -s848q oNs0W-o20y | SI 
08 8% 0 °O8T [KOA SEXO) | Daye OS “** 9puolyD [4499 | OCT 
Dis € 001 S°O8T-624T| B*O0HS 'N®(tHO)S eveULloq-urmepAyjowmisy, | sPT 
1°99 o $6 0°62T SSSERO IEE) [22 oR Otte wen a SpMolyO [Azueg | gt 
0'#8 z'6 I ‘SIT 9 SLT THS0%00"H°O SG pk ame ore eze1kyng [AuY | [Zz 
HO 
PSL € Ss 9°98 F'¥6 0°901 SLT .HO)E@2 CHO) SHON aw wena aoe TOOT [4990 | ST 
soinssoid 
eae moogeog Gc “wu OL mocgeon 0G moogoes og mcogees Og meogese OOL “UU O92 e[NULIOF [wormeyy punoduios [votuleyD, ae 


~w19}, SupIog | 


panuyuoj— TI] avy, 


FRACTIONAL DISTILLATION 


162 


erga 0°92 8°28 €°101 ChGOTM ES OGM aNOn See © 00 SEO (EEL) 1200) 1 anes as a i ge [oseiQ-w | gg 
es OF Oe Snes 9°S6 SOL |) Geer eeen F 00 7HN(HO)PHIO | gas aurIpinjoy-d | gz 
I 
ae oF € 69 ¥ 18 66 9 “OT T°SIL.| 0°e8T 2°661 SET NIETO) FETS ©) ee ae nd na sUIPMJOT-O | gz 
oF 19 | HO. 
00Z-861 HOHO*CGHO)*HO | ***  TourqreD [Aydoyy-u-jAqyeyy | FET 
0°26 CIETENES@) @) RETO ete ge ce oe eprmemiog | 7G 
00Z-861 Ig-THsO “"*-eprutorg [4390 | OST 
0°89 0°18 0°€6 0°10T 0 S61 OF HD ao hee Poreury | OF 
: ey +9 D0, 9°T6 G°OOT | 9°SIT | 8'OST G* L161 SIETG@) (0) OZETS,0)) ame aus han utes ayvozusg [AUT | 8z 
e 0°68 L°¥e1 9 OFT I L61 AGB OMEIFO) ||? 2 229-9 “ ToyAT) uepAyyy | Fe 
Ls a ¢09 | sez | 2°88 | 2:26 | ¥-60t | o-ger T°L61 TOKOO HO ieee apuo[yO [Aozuog | gz 
2 861-261 CED) || Seo Sec ae Sea Jo1puy | Ect 
O°FL 0°L61 OP OEE O WATE ON facut ices epAsyeply oyAoyeg | FF 
®HO OO 
S6I-96T | “HOCHO)HO"HY%O | °°" amoqeyy [4900 [AIT 
Or, 0°98 0°S6T JSP) XOOPIBION po suo y [Ade [Ay | eC 
0°SL 0°18 C96 "801 | O°LzT C*P6L isi 8 vey ie ora Geis heat euBoepuy)-u | gE 
OTL 9°98 F'€6 8°ZOT 0 °F6I BA SHOAOO MEAD) |; CPs =e" OYVUBIIO[BAOST [AUIBOST | QT 
ie ‘gp! | 2°29 j6L 9°%6 I ‘101 OAT || (OGLéii 8°61 PTO EUG ETS Ga | inno “sulla y TAqIeW | §z 
r TIF 9°19 T&L G18 €°96 CASO | ESeT T S61 SCTE) INSETS Mit sere eulfiay [Ayjeurrq | gz 
e 0°69 0°€8 0161 (O18 EG) 8 SORE Se AR eo euoqouey | ZG 
02 0°¢8 OHOAGHO EO) igen. weaie epsyeply [AuoN-u | T¢ 
I 661-061 HO*HO*CHO)*HO “"""TOYOOTY TAOQ-u | “ET 
fe “ 6°9¢ 1°69 0°E8 1°26 6°SOT | 8°IZT 9 061 IN) ELS (O))s lige aise eice eg a eae IN}uozueg | gz 
00 “0S 
=, ‘9¢ ggg 9°22 9°06 8°86 SLOU ae palo T ‘O6T IZKOMISIONIABHO) | 22> OF ae be a Toserg-0 | gz 
! | 
soinsseid | 
ree bad eis wu ¢ | Wu OT | ‘ww og | ‘wurge | ‘wut Og | WUIOOT | “wur gg, | elnuriz0j; [BoruTayD punoduioo [eormley yD) ave 


-ul9} SuT[Iog 


ie 7 a ee ee ee 


panuyuoj— TI wavy, 


163 


APPENDIX 


0°68 0°ZOr 080% VSMC SEO sLOVARIO) | 2°79 2 I RO SB ea aue[A99poq, | 19 
0°26 080% OHO8CHO)#HO | epAyepry [Aoeq-u 09 
0°L08 OFFHND [oot “ouoyqueW | OT 
060 
_ oF 
$8 Lee ITZ 9°Z8 8°66 | O'FOL | 8'sIt |] z-‘8et | o-90zg OME) oe 790" See or roydureg | 6¢ 
re 
0$9 
60 
gz f\\ 06 | 0°66 | ttt] zért| 6st | o-9et | 2-02 TCO DCE Oa ee ne is Ploy ormoidep-u gz 
008 0°26 1 ¢0¢ HO(®HOO)'H%9 | °° Spe Nea Oa joowreny | $2 
| 
I . 
ae 09 8°08 9°%6 €°SOl | vet | PF Pet | e|'tet | O'eoz EL OSES ESO) as awa cee ole [O4ooTy [Azueg | gz 
: 0 °S0z TEPOZOOLHEO [oo oyeiAyng-u-[AxeH-u | 7G 
06 “GL 0°¢0z OSE AUEIOS) ae oo eae ‘oyerpAH eusydurey | g¢ 
0'FS 0°96 0901 0°¢0z OMOD) | se ‘[eTPeUCAND | ge 
90¢-F0Z BHO2OOHe Ol eae aaa oyepAideo-u-Aqiq | OCT 
0 °F0Z SHeOsOeOOK meee er = ayeULIOT [AzuEg 
Dae 0°ZL 8°E8 9°16 2-901 | Tetr | s-9et | o-F0g STEEP YIEUNENE DQ) | 808 > SP Siatoa ss ouyy [AyIgq gz 
Lis. Seay) €°Sg e°86 T LOT 12, OTT 9 9EI €°80z ARUN SFOWAELIO || Ce PCI eRe Gao G58 sUIpINOL-u | gz 
o8 '6F 0-28 OM HID [oo Jozatndosy | ger 
os Orne teeta Re Fa Phe suosolndoss || oee 
0°S9 0°62 P°&6 POL | LIT | seer | ¢-toz SET @N OTE Oy eae ara auousydoqaoy | gz 
ice GOL 9°88 8°TOL TOIT SIE P Sel I 102 TRO GENO) METS Or ae suas a a HOSE RE | Che 
bos ae Hoe ee ee enol nee 
£°0 H*00 
so 0°28 6°86 8 90T 6 FIT SSI @ IFT S00 ASLO ETO PIEKS)) ||SS eee "7" “prow ommoideoosy | 9g 
202 
soinssoid 
IOMOT Jopun | . x A Q " e ‘je 
Sanaa wur ¢g | “Uru OT | “wm Og | “wu og | ‘wm og | wu oT! ‘wu og, e[NUIIO} [eorUTEyD punoduioo jeormeyo ye 
-u9} Burplog 


eee se nn ess nnn nn 


panuyuoj— TI tIavy, 


Ee 


FRACTIONAL DISTILLATION 


164 


818 8°66 SACOM CaO Een ey cet O60SIa) = Pe0se, ZOINK(CEDS) HEE OF eae seem iucraenaa BUONIOJOIFIN-O | Sz 
0°96 O'SIT | 0°O@T 0 02% BINS CORO MTB 20 277 22 BOK ozeqooy [Aeury | OF 
0 66 1ZS-61Z °(§HO)O OO%H8O |’ euojeyy [AueUY [Ang “q10T, | 6ST 
006 0 61z CrTIELO<@)/O Ela Neale ea oyeurio,| [AYZUET | 69 
ese DOr Orcs OPM [ttt eter erecta (98 
SE Wlog Buypeyy) yoourdiay | gg 
o°16 2901 | Q9°FIT | 9°92T G81 SO) NETO) aaa cna TO preysnyy [Aueyg | gt 
Zant 
009 
poe o'sL | 6°98 | 6'I0T | 9 ‘ett | geet T'81z euase) “oureyyyden | 19 
Z6°%. 0°IOL 0ZZ-81z HOeHOAAOPHO lOqooly arte [Aueyg | ZL 
onl 091% SEO MSV PIBIO) | OP SP Te sey een eyeyooy [Azueg | 99 
c € 62 6°16 EADIE || ie AEE |) “OR | KeeaAL | Ee cea ACEO) UNTER) ||P Se Goad 2 os ey TAqIq | 8a 
0 66 91Z-G1S OHO*H*0*(*HO) | F-pAgeplezueg [Ayould-¢ ‘T | got 
0°26 0° P0L 0 °S1z *(®HOO)FH8O eurolosey [AYZouIG | FZ 
0°18 0°86 0 'SIz SBR OYCIBROXO EROS 822 SORES JooraeyD TAqIeTA | C9 
0°88 O-€0L | S SIT | O'98L | GS:stL | Ghz SUELO OS ais eee eee cemee ae pe euvoepod-u | ge 
0°06 0°01 O'FIZgNoGe AG SO SAOYO NEI || Cos ek OO C2 eyeullog [Auiog | OF 
0°96 oor OWTND [tree ct sees ee ete ees Touua | $o 
0°66 O° PIT SSIs TEL OSHELC) eam yee aan eine [oyooTy [AuON-u | ¢9 
0°98 Pele LEON OO HERO) |. LPP CRON! ayeozueg [AUT | FZ 
Cree THEQOOTHD [Cott ayeja0y 
Jourqrey [Aydoyy-[AyIOTN | FST 
O'FOL | O°6IT 0 S1z ASIN OO MSOy|| 7S see ee ee See eprureuoridorg | $Z 
Orie OMPID [rt eee eee tees josu0g 
0&6 QUE |) SANS || era GS 1Ig STEN (2IET;@))) E10 ©) Nata aan ea suIpyAX-U | ST 
O°SFL 10) malig fHO OOTH®O ee ea 9049 NT APO JAqWW- U SE 
06 rer OMT [orice Peete wee es (Gee 
Sg qguriod suyyeyy) joourdsay | zg 
€ bl 1°98 v'OOT | € GOL | 8'IZr | eg 'OFT | S‘60z 2 (EO) NICO) 7H 2O Naan eee cay surIpmnjoy-a-jAyqyourrg | gz 
2 te 8 #8 366 P'SOT | L°OZT | ¢ 6EI | 880g ASINGOMISIG) || PFS S2 POSS eee surTUe10[Y-0 | 8 
I 
ae ee | 6@L ) yes | 166 | z-sor| ziozt| 66er| ¢-soz (CST 1s WN aa oUEZUAqOITIN | gz 
06 #9 | 
sainssoid 
eee. Ulu G wu OT “ULUL OZ wut og “mur oe | "mur OOT| “uur O92 B[NUIIOF [BoTmeyy) punoduioo [eormeyy fe 
-W19}  SuTIOg : 


panuyuoj— J] aiavy, 


165 


0'€6 O°LOL | O°E2T 0 Ez ERO 8 LOO) BRO) 5 > Te RET SO 
0°16 GEOL | G ZIT | GSZt | T°Set | O18sE | O'cEs OHOCHEO)LHIOl ass as. apAyeply eS RZ 
0601 0 SES FOND | * -(toydureoooong) jousydsorq | OF 
0 “601 S182 ee Ba emai | 20 
el eertex WOR aero PEt [Pf eae: 1 TL 
8°70L | O°6IT T 221 T 68T ¢"1&Z oo. at Sei icas ec aqepAotes [AU | ST 
Oat 0° eet SEC TES HO HO*C@HO)*HO oe [AUON-w-[Aq}0I | FST 
0°¢6 0°S0T 0° OZI 0 “TEZ 1SO)SA SINTON PS soe ne tea Joyoo[y [Aoeq-u | FL 
ied ee a I a 0 '1€% HID OOFHO ‘ouojoy [AUON-U-[4q90W | 94 
ZL 0'0&Z OUD |a ee ior ieilliielTOTUGIOE) ||| OF. 
OOD vs 
Z6I ‘0 GG 0°06 Ae rat O°LEI 0°0ez (HELI) || Se os oo dose ge teres ssauoareg | GL 
Rcoeren| ae a ELEY OLA) SC) G)ETa| s eaues ak ae ayeulio yy [ATTUOITD | FOT 
oceae ee *(SHOO)MEMD |" * Tey [AyjouNC] [e[leuornD | £91 
¢ 4 Reece ate 5 
868 O°ZOL | S°9IT | Z°92T | 88st | O'SeT G82Z ERS reese eee Deanne eetiee 
P< 0°90 | O'SIT ; LOVEE O I {lUBIOTYD-U | 8S 
Ss 9IT-FII L-ez | 0°82s OT HD Naas Oeste [e139 OF 
Q 0°zOI OreTt 61 ‘ ae ELE) (0) (0) EL ite he Antes ae ayeulso qT [AION | TOT 
s g-0g1 | 2-8ar 2-98 CHO ODO) ei ey een | Or 
a 0°66 | o:tIt | O-z2r ane ee nl ten eee nies i 
at a ee See Ae PEE "+" @prpoy [AqoQ-u | FL 
= ee peere 0 82% HO*00(HO)FH°0 Fe Es tae ayepAoteg [AYIA | EL 
Gecor 0 "6s H%9)*00°HO “-ayeqjooy [Ausog | OF 
an 0 “EEG OS OSC ee aeemaeee a auoAIBD OIpAYIG | OF 
0°COr oreee PINTLOOMEONIKY eet Ns opruvzoowicy | TL 
o'¥6 | O'GOL | O'SII O-eee SEN ESS LOB ieee ch idee a cane = al ean AZ 9 
G G OsUETSED Jooarey orpAyiq | OL 
ie 08 | 
ro . . . . . . . | 
6'I (| $ sor sa ee 6st || O-FFL | O109T | Oi tee TEIAOVO WI BRO) |? BITS OS esas ploy oyAzdoy-ua | gz 
300! 0's6. | O'1IT. Ore ee eiPtoty) Of PAGICE |-GoT 
0°76 | 0-901 0921 0'1Z OO at geo oes jozaing 
OTH") ‘auoseing | OF 
soinssoid 
JOMOT Jopun | . 7 ‘ P 
$0.1} Bied wu G | “WU OT | “wu gg | “mu og | ‘WU Og WM QOT) ‘WU Og, B[NUIO} [Boley punodutoo ;eormeyy aS 


-u1e} Zullog 


panuyuoj— I aTavy, 


FRACTIONAL DISTILLATION 


166 


0 °LeT 9 9F% Eq OMISLO)CABIEO))AS YO) || ae [OYoo[Y euTUIND | FZ 
O'8IT LES—-9FG NS ELCT SS) eae ce ee enc te SUIp[eUlyy | FG 
GLLT | $946 SIEM) GisIe) | OPP euojoy [ADO [AYN | 8E 
0 9F% THERA GHB) | 2 2 Oe eyeuoidey [Axoy-u 
0°6IT ¢'GtZ UHOED |i jouryoo}z00i4g | $z 
0'6IT O°€éI 0 StS Fh 2 YBNI GYONT SIG) | te 22 Ae OR ayeyooy [Auviexy | gg 
0°c#z eAUAODYD cts ayejo0y 
Jourqiey [Auo N-a-[AqyeT | FST 
0°601 | 0e2T ISAS OU ene es eee TN epipoy [AUONEa | 72 
0 'FFZ LETTS AVEC OLELE Oe ae ee aa ayeisAyng-u-[A40Q-u | 7g 
O'0¢I | O'€sI 0 Et ENS HOM AEHO)) STO BIO) OE ee aue[Avopesjay, | 98 
O°TST SUED OSLO EE OI biaa wut. oqvikyng-u [AYQUET | 69 
0 Shs SAIN GEO SEO eae | eens TO prvysny [Azueg 
084s ABO OVO IStO ee oqerdyngos] [AUIOg | G8 
0 '€IT 0°96T GSE VO WOVO CIEKOyIe = OL aw 22 eae ayejooy [ATouorg | $8 
0 STL LEG OS O OPEC) ete Nie te oyeuordoig [ATeUry | Z8 
0°OIT ASCO OOF IEIGS) || FP 082% ayeuordorg [AYIUET | 69 
GTéI | 0°62 6ES-SEZ *H20 OO'H®OFHO | °°  euoqey [AJOL -d-7AyIg | LOT 
0°68 0°01 O'6IT 0 °62T € GFL ZL 99 8 LES UNE 2 BiG yes re a a a COT OMS 
€°66 9 SOT €06T FO€T 8 EFI 0 F9T L LEG EOIN CIE IBRO) I> FO 28 0G AI suenfoy, O1}IN-d | 8Z 
8°0 
c x 
9 ger Zee ie 9°FST OUSSE 6 FFI ¥ 9ST O°FLT o°LES ISAO MISO te Pey oysidep-u ay 
Cc 
SHU! $601 | * FST | O'geT | O'OFT 0 18% SHH) OOSH2O) mannan: ayeozueg [Aynqosy | gT 
0° LEZ EOC OED | tts eee Jooweyy | og 
0'9IT 0 18% HOCH'O)'H°0 *** /Toueyd TAINgosy-d | 7Z 
O'eIT OME Cama PEL) CETS(0)) CAEN @)) TT 266) aanaca aa cmn [ROE AIOY || Toya 
G°66T GLEE BSS WEG YO SLO mee ee ete 972400 V [AION | LOT 
€0I-ZOL|61 I-81 FSO LOOPS ISE |e he Soa SOS ayeui0,g [AuBIDx | QOT 
OLIN 0 Sez FROZE OZ (ZNGOEEE®) ieee a Toyoory [Adorg JAueyg | gz 
0°90 0 "ez SEOCHOO EID |iitttt tees jouiouy | Fz 
0°80T 0°SS6T 0 SEs LUPO OSELS OI hae oe ee eyeuordoig [Aulog | OF 
0 ‘601 G ‘VSS ASIN OLS FO) GEG) |" 9 ee COrpICULy ) OPDOR aia 
0°90T 0°02T 0°O€T GOP ¢ SOL 0 'FES SUPT Sic) lia Ma Nie tian geben ouBoopIIT-U | SE 
G SES NO*HO*°H{9 | "°° TH4IN oe0y [Aueyg | COT 
0 ‘801 0 '€€s SM SPOS SION Coin MO Oooo auezueg [Aydoy | Fz 
0‘90I1 0882 e(8HPPQEQD) | tier agepexc TAINqosy 
seinssoid 
JOMO] Iepun ‘Joy 
soinyeied wWul G | “UUI OT | “UIUI Og | “Ww Og | ‘UU Og |-UIU QOT| ‘Wu QO, e[NUIIOJ [BoIMIayD punoduwioo [varurey Da “Ory 
-Wle} Surplog | 


SS SSS SS ee ee eee eee 


panuyUuoj— TI ATAVY, 


167 


APPENDIX 


0631 0°FSs Ig?HO Jd HO'H!O “7 eprurorqid [or43q | $z 
¢*LOT 0° FSS NSEOYAGs OO) EQ) || Pe oo Rn ona oe [orjesosy | OOT 
€°0 
o00T 
Cal 9 ‘9ST 6 9ST O°OST | O°6ST |] €'OLT | O'8st | F-'Eez IBIKG Ou sIOy | e920 “"" “ploy ormosivjeg-u | gz 
oOIT 
fea 
o0ZT | Vee 
yog=eee Hoe Dro BOC ee Reo re 
HN 
OTST |} O'9ET | cet O-SEtl S-SzZT | e-zez STIS) ie re “""""9uBoepeijay-u | ge 
ynoqe 
0°€ET 0°1Ss AH TDOOAHED 7" ozerkynqosy [Auviay | 96 
0°S2T 8 °0SS ACTS ISA OVOARUO) |], ° ae Dek eyeutoong [Adoig-u | ¢Z 
HO 
0 °SaT 0°9FT SOS FEO) CO) ED Sr aaa Nr Touezng | 46 
qynoqge 
Omerat 006% CRAs Roy S28 ace Sp as, baat euoucy | 76 
IS3-6FS EEE O)E OOP ECO |e mane “"**"eqeusley@ A [4900 | got 
IT ‘0 
009 
91-0 
o0L 
0g “0 
008 © 9IL | G°S8k | S:9FT | Geer Z LOT | 6°S8T 0 6FZ H*O0%H%0 ||" **-* ">> * 5+ --prow orozueg | 96 
09 °0 
006 
OFT 
o00T 
FL °S 
oOIT O°SéT | O-°OFT 0 ‘SZ 7AN@HAID ‘i cs * 7" eutury [Aoepog | ze 
0°'%6 | £0°8IT 0 'Stz OHO(®HOO)'H9D | °° “7 oo" **epAyepyestuy | 16 
Ora 0 '8tZ AE OL CM OOS Oi isan a: aaa Jouesng [AqIT | 06 
SEI-LET 8PC-LFS | SHO OOFH9D8(*HO) | eucqeyy [Sung opnesg 14q92° 1 
OX0ZI | .0°E8T 0°LFS TH O%OO'HEFO | gern g-u-jAus0g | oF 
soinssoid 
Semaeud : “aur G | “WU OT | wu og | ‘wur oe | ‘ur O¢ | UrIUT OOT| “wur gg, BINUIO} [BorMEyD punoduroo [BoturayO pe 
-Ule} SuT[IOg 


aA ao a ee eee 


panuyuojg—y]]I Wavy, 


FRACTIONAL DISTILLATION 


168 


qT 


pe! S°I?L | O°SST | O'S9T CSeyT Mer SaPSE. | OGG Ny 3896 TEE OO UTE MO Fae pry odep-u | gz 
ofSI | 
OFeIC| Wugai §HO?00CHN *H9O eyepuesyyuy [AQ | OF 
O°Sel | 0°6FT SRO SR Nh Se ee [OyooTy [Aoopoq-u | got 
O'IFI gS9g i SEXOVO VISIO MELO aes poy oeoy [Aueqg | *% 
(HO)O 
Li ee en ge, Marna ee 
99Z-G9S HOY <j ASD 197848 
N 
0°¢9g AS HONK ETB IO)) |e om 28 oueyyeyW [Aueydiq | TF 
0-292 peppery [occ sete guapeyueg-g 
0 °£92 TID ee tera tang suelpeayy 
0°E9% SH°O*(*HOO)*H9O jouesneos] [AYN | ZOT 
O'Sel | 0°6FT 09% (OSETSO) (CHICO C ©) SITe,O) acta een [euosedrg | $Z 
G°I6l | $°29S SHO OO*H"ND | ‘euojay [Aoopuy [AYP | 8E 
SEVGE Al PaSSk | cash 8'SOT 0°Z9% HERO OO HISIND) IP SS ayeozuog [AUIBOST | 8T 
0°19% NOZCHO)2H2O) |e I9IN oraotdorg [Aus | ZLT 
LPL SOS UTC" hae eaenene cance ploy opermery | TT 
CSI-F8I OP SEGVO] cae eee tae apAyeply ney | OLT 
OVLIT 0°0ST O'€6I | O'19% HO 
= (EEE) ())| CAETE/6))) 12,0) | ane eaten jouesnoeosy | OF 
00ST 0 'SFT 0°69T 0°68T 0°19S Of (OOS)! eae epiupéyuy ploy orurmong | TOT 
0 'FST 0°S8I TRB WO) || a eee aprpoy [Ad9q-u | FL 
0 0@I 009% AGS EA le ee aaa wc fa auet[AydoAreyD | OF 
OVLST O° TSt CIC OL oe eae eprmoiqiqd suetf00q | oF 
0 “6EI AATD)ZOOLHEO Sa een a eo oyerAyng-u-[Aueiey, 96 
T 
09 os) SO || Ocean | weiss I°StL | €°6ST | F'O8T/| 8 '6ge (OVIEO)| POO aes oureyyydeus0[yy-” | 8Z 
Omeral 0 °8es ®HO%00%(HO)*H°D “-ageurvuuty [AQT | OOT 
G’erL | O°FST 0 Lee AGEN BOLO Wes ats ae a PLY OfeuortD | 69T 
qnoqe 
CECET A GRC HIal mn GnOS Ea mee PO enGe eb lady COLu OL OSG IBOOK SO) AsO) Se = ee Ply omAores | 66 
0 “SEL ATFFAD*OQOPSHIO Pe NA “OJBUBLIO[CAOST [Aulog 86 
O'LEL | OTST 0°E9 SOE a pipiens Ce Jookr) ouspAooq | cy 
HO 
0°L3T 0 'FSS = (GET @) (Te) SAO) | ge =o pebes see ana jouseydjoieg | ¢6 
O°LIT 0°FSS SSIES) | die Fe [Aueydrq | 16 
oainsseid 
bes ad el “ULUL G poogoos OL “WU 0G mccgees og moogoes o¢ “uur OOT macegecs 092 B[NuUlLoy [Botuleayy) punoduioo [eotmeyy ce 


-ul98} Burplog 


panuyuogj— I AIA, 


169 


APPENDIX 


0 ‘0ST 0°L8% OX(007HO)2HO) I KK epupAyuy-o1eyNyyH-u | LOL ‘FZ 
O° FFL 0'L8Z TPOOMO ON royyq [Auoyd [Azueg | $% 
0'rEeT 0986 IS ZA O)) | aeimameees lousydeuory-gpue-» | ZIT 
0982 oe PS te eee epupAyuy oeyiyd | TF 
0°eST 0 °€8z 1S COLO) COTE WO) EEG) || Mee EE a8 Os CO Do rog urlueA | OOL ‘Fz 
(@HO%O)*(#HOO) 
¢ 6ST 0 °S8z CHO) HZ OEP ON iis a ae (G °° 23:1) forded | 921 
0°SST 8°Z9T T@2T 6°E8T 0°96T WAM CTO) TOO sagem aes oak fe euouryoo1pAH | OTT 
0 ‘SFI G “Z8Z EL OBEIOUO) | Delis aimee eee: 1OUIYIeN-% | SIL “FS 
G‘PPL 0 °Z8S *(®HOVOO aoe rp Ee ees ae a7PVIVIVT [AYN | FZ 
O'ZEL | 0°'6FT ACIDOV MELO AGO iai9) ||" "Soo eee es ayejaoy [ouesng | GOT 
QS TiO sren Nae wer € ZO ji veya 8 861 T 18d Be T HET): | eee ae ousyeqyydenN worg-o | 9z 
85-086 TEE OLO:E EO TOI [AUIH [4990-G]} CLT 
O°LFI 008% ZGETZ 2)“ OORE OH @)) lie cit | enka aie 04814184-p-[AUIG | $Z 
SSIS IS KEG VO) SR Oem oem ae prey eAoapuy | ge 
O'IST 008% = (GRIND) SIGS ETS Oi li © reas een ee (¥? 3: *HOT) 
oulUBIq, suetAnjoy-ur | FZ 
O°LFI 0082 2(SHz20%700 Ae aa ncaa dig 2 ozyeIzIVT [AWIG | FS 
0°OST -HOO)*H90%008H | °° °° ageuI0g Jouesngq | LOT 
te LPB EGED) [vee eee eee TAgo0rer | SOT 
0‘SFI 0°S9T 0'8Lz B(211 OL OOKO) EO) | aie eae euto1osey [Ajooerq | $Z 
0°902 | 0°82z "HO OO” HD |**° ‘euojeyy [Aopog [Aye | ge 
¢ Sst 0°OST G*LLS (CET) © EACH) i cearie oa ausyiydeusoy | $7 
CCFL O°LL3 2(CHIN) PEO aes euler ue[Aueyq-ur | $Z 
“GST O° LL “HOWcUGHeO)i |i sue[Ayyq [Auoydiq-se | $z 
O°ZST | 0°29T G OLS ECHO) VSO Ba a cee Sei sulo10sey | $Z 
TLI-691 LIGOLG) | "EL OOOH OOO? HO) ns euousydoyaoy [Auoidosg | FLT 
0°6ST | O°TZT CECT ORGS H°00?CHO)HO2HO | ploy orueyAo0puy) | 9OT 
O'rer 0'h1z VEPTSHD [ccc eee eee te beds auauipe | OF 
OVE | OTOL 0'PLS EO 2 CEO) EKOCEO i! ian te Manan Saga auetAoopexay | COT 
0'€42 |HO*HO HO HO'H%O “****JooATH ousTosAyg 
0°ZLZ ZO08H6D ““"9uleuing orpAyIqg 
O'FSI 0°1L% SEO 2 OOS (EO) SECO): || es meen ne eyeurvuuly [AYID | FZ 
G'SFL | O°TOT Ss SUELO FOOT) ae aa auoyoy [AxoH [Aue | SLT 
O'SEI | 0-‘OST 0 09T One Osror G-OLZ Ag NOE = “SBMS ID AES suBoepejueg-u | ge 
soinsseid 
meet ‘ulul G | ‘WUE QT | ‘Uru Og | “Ulu og | “Wu ge |W QOT!] “Um Qo, e[NUlIO} [BoIMeyD punoduiod [vormeyo, ee 
-ul0} Sulplog ' 


panuyUoj— JT] AAV, 


FRACTIONAL DISTILLATION 


170 


| 


0 °Z9T 8 E08 ASLO )E SANE OVO SEO? go Oe PEN ee PHMBOOV | FZ 
OLS OWLL TS Se 2S Ta le Se TOGal ee Onecen ln OOS BUELL U ice aeamet aime te ies auvoed vydey-u) g¢ 
0 °96T 0 €0¢ ERE O@)E Ee) ETO) | are ea arene Ploy oe NT H-T | EST 
O°LST 0 “Zoe TSUNA B EOS) ee O72 eS ourmy [Auoydiq | #Z 
0°29 010g ISRO STOACTAL A) phe 28 eae Seca JorpAyzueg | #Z 
0 ‘09T 0 Tog OPEV ZNO)) ae em pics ee a eae Toye3UVs-g | IZT 
He. 08ST IEIO ASTON HOYA STO) | 2 Pe oes 9 ce sueph09peq00 | OZT 
¢° 
—¢ 891 10-008 7H OOF HO suopoyy [AYA N-9-[AqIOW | 6LT 
O'€9E | O°I8T 0 °00€ TEENIE ET) SETS) 2 |i hae ourmy [Azuoqiq | $% 
0°€S1 0 008 SUN Ps ONG) [> 8 Aa ourmy [AqYIeN-» | $Z 
0 °€LT 0°00 EO ORC @) ZEo@) | lees ae prey olureuury | FZ 
0°GeT 0'86zZ SH7027007ON'’HIO | °°? aPVOZUIGOIJIN-UWI-[AYI | FF 
0 °FST 0 °86z & (ETO BELO®)) HET) ce eee oe a oueyry [S01 | FZ 
662-162 LET8)*O; OSUHEO)| 2 2 eee aye[Aidey-u-[449Q | SOT 
0 "962 "HED*(SHOO)*HD |v eilme ares: auoresy 
Z9I-191 966-62 HO OOfHO |‘ *  ouojeyy [AUIYdeu-w-[AYQOW | 6LT 
0 °LFI 0 °S6z RA BRO IAAI BIRO) aan IS Sit a Ses ueion[gy | 6IT 
ORO Ts Om pan GLE H*00"H"ND “pey \uNneT! SIT 
0°91 €(HO)EHDD [voces jouresorkg | Fz 
09ST 0 F6z 22H40°00)"H°D| "7 onereuaag [Ani | $2 
0°61Z EHO LOO CHEZ O) |e ouozoyy [AOOPILT, [AYIOTA | BE 
O°StL | 0°Z9T ¢°S6S 8S?) | °° °° «7 **eprgding [Aueyg | 2¢T 
L9T-99T SIS-F1Z ZOLA BAR YY | eoscra tO eo epAyopry unswAy | OLT 
0°LST Neon He) [octet aurlusosemvq | 27T 
0°ZeL - © 06% ZOE) [ites *ouneuny | $z 
0 O9T COO CEO) MELO) uae ae pet ea ne ploy orurMNy | FZ 
(7HO%0) 
O°SFT 0°SST (HOO) (¢H®O)*H99 ec auTOystAT 9II 
£30 } g°¢¢ GL9T | G'S8t | 8'I6T | ¢°E0%}] T'0% | 0°06 ECHO) 7HE Oi |i a a ans eee aan OULOOAT yi ECT 
o8IT OFFI 0 06 OOD) GEO) FESO} |e ara aetna opleyqwd | FS 
O°€ST | O'OLT SEUNG ETL Ohi sta ae seat surury [Aoopesjay, | %6 
0 'StI 0°883 O8H'D | (loyooyy auedieqyimbseg) jorenyy | FIT 
£0°0 } 0 ‘9FT 0 ‘88% eN@ Pas 101g): sateen a atm ae jourydeN-9 | SIT 
008 O'67T | O'S9T | O'FZT | G°Z8T | $°80¢ 1 ¢-29¢ TU OV inisisa yaa agi ouBoopexeyy-u | gE 
0'LST G*L8S LEU NAO MIE IO) | en ORR OPT OGSS oprlurtuoong | 7% 
saimssoid | 
aes a “WU “WU OT | “WUr Og | “WU Og | ‘WU Qe |-wU QOT) ‘WUT O92 B[NUIIO} [BOIMEYyD punoduioo [wormeyyD we 
-uld} Sulpiog z 


a 


panuyUoyj— TT GTA I, 


171 


APPEN DIX 


soinssoid 
JOMOT Jopun 

soinyeied 
-W19} SuTpIog 


¢°39G *HTQOOPHO | °° eu0qoy [Aoopeydeyy [AQI0TW | Se 
0°20 GILZ WH‘ OOM Hele) | Saeaane ge | prey oupmyeg | Zer 
O°SL1 0 ‘OFS ZGstostay eros Se sueryyuBueY | FZ 
0°1Sz HNOOO*HO | euojoyy [AOOpexoH TAT se 
Ghee | 9°9FS | GF OsE OD? CHOAEO aeetees  ) auozoyy [AzueqTq | OFT 
O'LLT | O'F6T 0 0g¢ CE NGM P eee surury [ADepexay | 6ZT 
O'SEI | 0°00Z | O'ZIZ | G'9cz | O'8FZ | O'0ESE Diemer TS suBoopeuoN-U! ge 
0G | O°1ez G'ISS | 0°SLz UROO) oie =) i SPIO ONSUIIT | Ter 
G°S0G | 0°8%e °F | O°S9T TSO OIRO ee Ss Pry odipy | Ter 
O'SeT | O°OLT Eee) |e ns. yee | Co bees suOXsny | SZT 
0° 19% TIEOOSOEL LG) ica ees prey oAoepequeg | ge 
0 °69T 0 PSE ECHEOCOORENOEELO)) pein aan 0781318 | -p-[Aynqos] | $Z 
FSE-ESE SIO) eET) OOZES || a5 At ae ee ayeozueg [Azueg | [ST 
¢eLT ZSE-OZE Oe OOHO | -- suojoyy [Azueg [AUeyg | OT 
0°SOL | 0°06I OFZ-6EZ OE VISE I) ental Yeats epAyeply orange | OLT 
SSI-€8T 1ZE-61E +H") OOSHKO |‘ ‘euojey [AqIYdeN-v-[Aqnqosy | 6LT 
0 Gr ee "HO OOFH"D | °° “euojzoyy [AOopequog [AYIA | gE 
0°L81 0'0¢s | ynoge EEC OO) 2GEDE EO) escent re aac PlHY oUTystIAT | SIT ‘FZ 
O'ZZT | O'68T | 0°00% | ¢ FIZ OAS AEE IE as Ceo § auvood %40Q-u | gE 
0°8ST e mass LEO FOOT Oi ee eee eee ayeozueg [Aueyg | FZ 
“eTe 
0-191 qnoqge BH O2O ONCE) ZO emma (Toles) e98[AorTeg [AUeY | FZ 
01ST PIS—ZIE “HD 001H®O | “euoqeyy [AyQYdeN-g-JAdorg-t| 6LT 
0org 
gnoqe OBO GHO)TERO ny epAyoprezueg AxQ-d | $7 
O°OST | 0°L6T 001g AGI O) APO eee eprydinstq [Aueyd | LTT 
0°891 0 ‘008 aa fe joreueg-g | zt 
0°208 | 
GOES | ynoge ®HO OO#HND | °° euoqexy [Aooperqay, [AyQeTT | ge 
0 TOT 0908 SCEIOSEISO)) os epee aie mre gene aueqIis | £Z 
0°6ST | OFT 0-908 1B KO PABLO)!” Mee NSE ToyooTy [Aoopesjay-u | gZT 
ZLI-OLT| L0€—¢08 LHD OOSH*O | ouoqgoy [AIG YMeN-M-[AUAG | GIT 
08ST 8 °c0e STR EO NO OMERIO) ||P 2 Pe Soe oe suoucsydozuag | CZT 
: 902-<c08 LDEIS OOO IHSO a oe Gee eyvozueg [A}9Q | SOT 
0°21 0 FOE ®HO'H9O*(HO)SH°O | 71 eueqig [Aq}eW-d | 7g 
0 °9&% EOE ASE | EO 28 ES SR poy opsoopuy | PZT 
0OLT O°S8T EE FLOEG)<)@) Ee Oana ead ayeozueg [AuQUeT | OF 
“mul ¢ “UIUL OT “UU OZ “Wu OE “WU Og | WU QOT| “Wut O9L e[Nnulloy [Botuey punoduioo [eorutey ys) es 


panuyuoj—]{ XIV J, 


FRACTIONAL DISTILLATION 


172 


0°Sés 0°SFS KS 0°996 0 °88é node EO @ ESI) | eames of PPV orp ee Gar 
0 098 
0 “E66 0 OFS 2° 6FS 0° #96 0°986 ynoqe EEO SOLE) (ame mane olen ROE PPY 90} SET 
0°86 0 098 OOOO)! apupAyuy sozueg | %% 
0 °8cS¢ 
0 °¢0z 0 °FFS ynoqe a sade) "*'*- uUpsooteuspy-u | ge 
100°0 GIZ—-OlE T9Z—626 OF FLEX) | ita ae ita epAYyePLV 18049 | OLT 
o8T G°S6e 0 'FFS 0°S96 $986 *(H200)4(*HO) Ce eas ae dL itsg Festa o f I€L 
1¢0°0 *(@ONO)*H*O DEBE ELOISE | CSIC 
002 | 
Paro Gest 0°F0G i € SES € "19S | €8°9¢E rll SOM lake tae oR 8 eae * AMoIW | LET 
Se 5 o'eee 2(*H%D) NHNO | ‘+: ourury [Aoopexoy [Auger | Fz 
100°0 0°L6T 0°€gé ISEOA ISRO) PO Soo 8 ouvyyeW [Aueyduy | 9gT 
o9 
T0°0 
o9F 
TO 
Zz tee ¢ 8ST LOLT FP6L 6 °906 L°¥6S 608% O-1Ss *CHOPH9O) | emeoerayUy | cet 
0&6 
¢°0 
ol IT 
OnT 
oGZI 
0 °O6T 92S OOO soy) =e oe ee oyeozucg [AUBIOX | FET 
aE) 
0°0¢€ “ASLO ACOA EKO) eR IO) JP oe ee oyeureuUly [Azueg 
¢ 616 0°LES ¢°8Ss 0°626 OTST SO) elie tees orca. og IDSA EES! || Cat 
0 °€8T SFE—-OFE CH O1O.O)) ear le see ens ecTIZU OC meer 
0-961 0°eIz BHU [occ uvsoor-u| ge 
O°LLE 1S EXOVO 532) 5 LALO Wn ee ploy ouesivyy | ge 
0°6LI 0°96I 0 °FFE HOSEN | tcc (joqoory 
14909) oyooTy Aoopexoy-u) get 
soinsseid eas 
eee “Wu ¢ | “UIUE OT | “Uru Og | “WU Og | “Wu Og [uu QOT! ‘wut 092 B[NUILO} [votmeyD punodurod [vormeyy “WY 


-U19} SulpIog 
a 


panuyuoj— {I alavy, 


173 


APPENDIX 


soinssoid 
JOMOT Jopun 

sainzeisd 
-Wl9} SuIplog 


| 
0°199 0889 0°0éL O°8¢L 0 °GE6 Vale os 
0°LFS O-TLS 0°S6¢ 0°9€9 0°OLL [Sans 
9°ITLP LOG 9 °0FS ¥ 6S 9 “€9¢ Becee ENG ee 
¢ Ts¢ qnoqge PHBE) 2 8 
0 '¢8P 
¢ ‘ore qnoge AS EAAO)I = 2% 
0 '0€F 
$026 qnoqe SS ETL) ean 
0 StS 6 E0€ 2 °0&€ o PPP Bye? 
0°9°6 AS BUC HOYOS Egy |) 9% 
0°99 0°ELs 0 °38e HE OOM HIS®) iim 
0 °S6E 
0°TES Hoge HAE W OS 02 
0 'F8E | 
0°S0z 0°0G6 pROds 1sKO PETS LO | Se 
0 'S8€ 
0°86 0 SFG node LBS) 
0 °GES 0 1Ss 0°ELE C66 *(H°00)8@HO) 
0°81é 0% L°LYG ¥'9SS F896 & 98S Cae “(OOH O) hl aes 
“OL 
0°EIz 0 °GE% ynoqge SEO) || 
0°29 | 
0 °Sée 0 °T6% ynoqe 1B IAOVOHAB E4Q))| © = 
‘uur ¢ | ‘ulm QT | ‘Wu Og | ‘Wm Og | ‘Wu Og |‘WU QOT| ‘WUT O92 e[NUIIO; [voIMIEYD 


panuyuoj— I alavy 


siavelipele (oye ehar<taieravs PUN Seay 


ve sessumrmmped 
trees ess umrpog 


Di esore eueUOoeIIy, ejyUeg-u 
ecepetioe Clete 9uezUOIBIIIO -U 
PHO UOT Le uvsooeydeyy-u 
RAO OU Ooo mmyding 


scaeheieieke ayeqyrureg [Aueviey 
te eeeee ts Drow oIpisserg 


se eeersess swesooesqey-u 
“**"Toyooly [A09peqoO 
eee ae i uesoolly-u 


poy omegqeg 
ee REL Ec suOUTyORIgIUYy 


ee ee weso000q-u 


SO CRIG ISO) Says, o1reayg | 


punoduioo jeorureyo 


174 FRACTIONAL DISTILLATION 


References for Table II, Boiling Point Tables 


1. Young, Zeitschr. f. physik. Chem. 29 (1899), 139. 

2. Young & Thomas, J. Chem. Soc. 63 (1893), 1191, 1207, 1211, 1216, 
1222, 1226, 1232, 1234. 

3. Batelli, Annal. de Chim. et Phys. VI. 25 (1892), 38, from Winkelmanns 
Handbuch der Physik, 2. Aufl., Bd. III, 8. 962 Beckmann & Fuchs, Zeitschr. 
f. physik, Chem. 18 (1895), 495. 

4. Young, J. Chem. Soc. 71 (1897), 446. 

5. Regnault, Rel. des exp. 2, 440, 455, 462. 

6. Batelli, Mem. Acc. di Torino 41 (1890), 1 & 42 (1891), 1, Ramsay & 
Shields, Zeitschr. f. physik. Chem. 12 (1893), 461. 

7. Regnault, Rel. des exp. 2, 470, 474, 477. 

8. Young & Fortey, J. Chem. Soc. 77 (1900), 1126. 

9. Ramsay & Young, J. Chem. Soc. 49 (1886), 453. 

10. Beckmann & Fuchs, Zeitschr. f. physik. Chem. 18 (1895), 495. 

11. Ryland, Am. Chem. Soc. 22 (1899), 384. 

12. Ramsay & Young, Phil. Trans. 178 A (1887), 313. 

13. Young & Thomas, J. Chem. Soc. 67 (1895), 1071. 

14, Young, J. Chem. Soc. 59 (1891), 626 & 911. 

15. Regnault, Mem. de l’Acad. 26 (1862), 339. 

16. Young & Fortey, J. Chem. Soc. 75 (1899), 873. 

17. Young, J. Chem. Soe. 55 (1889), 483 & 486. 

18. Kahlbaum, Siedetemp. & Druck. Leipzig, 1885. 

19. Ramsay & Young, Phil. Trans. 180 (1889) 137. 

20. Moitessier & Engel, Jahresber, d. Chem. 1880, 142. 

21. Schumann, Wiedemanns Annalen 12 (1881), 40. 

22. Young, J. Chem. Soc. 73 (1898), 675. 

23. Richardson, J. Chem. Soc. 49 (1886), 762 & 765, Schmidt, Zeitschr. 
f. physik. Chem. 7 (1891), 483. 

24. Anschiitz & Reitter, Die Destillation unter vermind, Druck. 2. 
Aufl. 1895. 

25. Jacobsen, Liebigs Annalen 157 (1871), 244. 

26. Kahlbaum, Zeitschr. f. physik. Chem. 13 (1898), 14. Konowalow, 
Wiedemanns Annalen 14 (1881), 34. 

27. S. No. 23 and Schmidt, Zeitschr. f. physik. Chem. 7 (1891), 483 & 8 
(1891) 641. 

28. Kahlbaum, Studien tiber Dampfspannkraftmessungen, Bd. I (1893), 
Bd. II (1897); Zeitschr. f. physik. Chem. 13 (1894), 14 & 26 (1898), 577. 

29. Young, J. Chem. Soc. 49 (1891), 911; Phil. Mag. V. 34 (1892), 512. 

31. Oglaloro, Berl. Berichte 7 (1874), 1462. 

32. Young & Fortey, J. Chem. Soe. 81 (1902), 783. 

33. Young & Thomas, J. Chem. Soc. 77 (1900), 1145. 

34. Schmidt, Zeitschr. f. physik. Chem. 7 (1891), 433 & 8 (1891), 641. 

35. C. Mangold, Wiener Akad. Ber. 102, II A (1893), 1071. 

36. Richardson, J. Chem. Soe. 40 (1881), 766. 

37. H. Biltz, Liebigs Annalen 296 (1897), 274; s. No. 24. 


APPENDIX 175 


38. F. Krafft. Berl. Berichte 15 (1882), 1687. 

39. Schimmel & Co., Bericht April 1897, 50. 

40. Semmler, Die atherischen Ole, Leipzig 1906 & 1907. 

41. J. M. Crafts, Berl. Berichte 20 (1887), 709. 

42. Ernst Erdmann, Berl. Berichte 35 (1902), 1855. 

43. Power & Kleber, Pharm. Review 13 (1895;, 60. Semmler, Berl. 
Berichte 34 (1901), 3126. 

44. Anschiitz, Berl. Berichte 17 (1884), 1245. 

45. L. Grosjean, Berl. Berichte 25 (1892), 478. 

46. See No. 24. 

47. Wallach, Liebigs Annalen 336 (1904), 12 and 42. 

48. Schimmel & Co. See No. 24. 

49. Schimmel & Co., Berichte, October 1908, 78. Tiemann & Semmler, 
Berl. Berichte 26 (1893), 2720. Tiemann. Berl. Berichte 31 (1898), 2989. 
Wallach, Liebigs Annalen 275 (1893), 171. 

50. Ramsay & Young, J. Chem. Soc. 49 (1886), 453. v. Richter, Berl. 
Berichte 19 (1886), 1060. K. Stelzner, Uber den Dampfdruck fester 
Korper, Dissert., Erlangen, 1901. 

51. Schimmel & Co., Bericht October, 1900, 56. 

52. Bertram & Helle, J. f. prakt. Chem. II. 61 (1900), 298. 3 

53. Power & Lees, J. Soc. Chem. Ind. 21 (1902), 1585. Houben, Berl. 
Berichte 35 (1902), 3587. 

54. de Forcrand, Compt. rend. 1382 (1901), 688. 

55. Wallach, Berl. Berichte 28 (1895), 1965; Liebigs Annalen 336 (1904), 
263. Semmler, Berl. Berichte 25 (1892), 3343 & 27 (1894), 895. 

56. Tiemann & Schmidt, Berl. Berichte 29 (1896), 904 & 32 (1899), 


57. Gartenmeister, Liebigs Annalen 233 (1886), 270. 

58. O. Aschan, Berl. Berichte 41 (1908), 1092. 

59. Allen, J. Chem. Soc. 77 (1900), 400 & 413. Ramsay & Young, 
Phil. Trans. 175, I (1884), 37. 

60. Stephan, Journ. f. prakt. Chem. II 62 (1900), 523. 

61. Krafft, Berl. Berichte 16 (1883), 3018. 

62. Stephan & Helle, Berl. Berichte 35 (1902) 2147. 

63. Stephan, Journ. f. prakt. Chem. II. 62 (1900), 523. Krafft, Berl. 
Berichte 19 (1886), 2218. 

64. See No. 48 Power & Kleber, Arch. der Pharm. 232 (1894), 647 & 
653. See No. 10. 

65. Tiffeneau, Compt. rend. 139 (1904), 481. Schimmel & Co. 

66. Hesse & Miller, Berl. Berichte 32 (1899), 565. 

67. Allen, J. Chem. Soc. 77 (1900), 400 & 413. See No. 116. Speranski, 
Zeitschr. f. physik. Chem. 46 (1903), 74. 

68. Hesse & Zeitschel, Journ. f. prakt. Chem. II. 66 (1902),497. Stephan 
& Helle, Berl. Berichte 35 (1902), 2147. 

69. Tschugaeff, Berl. Berichte 31 (1898), 364. 

70. Schimmel & Co., Bericht April 1905, 51, Tschugaeff, Berl. Berichte 
383 (1900), 735. 


176 FRACTIONAL DISTILLATION 


71. See No. 24, Hentschel, Berl. Berichte 23 (1890), 2394. 

72. Walbaum & Stephan, Berl. Berichte 33 (1900), 2301. Soden & 
Rojahn, Berl. Berichte 33 (1900), 1723 & 3065. 

73. See No. 24; Ramsay & Young, Zeitschr. f. physik. Chem. 1 (1887), 
247. 

74. Krafft, Berl. Berichte 16 (1883), 1714 & 19 (1886), 2218. 

75. Brithl, Berl. Berichte 32 (1899), 1224. Marries, Berl. Berichte 
34 (1901), 1928. Schimmel & Co., Bericht April 1905, 50. 

76. Houben, Berl. Berichte 35 (1902), 3590. Power & Lees, J. Chem. 
Soc. 81 (1902), 1585. 

77. See No. 24, Pinette, Liebigs Annalen 243 (1888), 46. 

78. Schimmel & Co., Thomas & Biltz, Zeitschr. d. allg. ésterr. Apoth. 
Ver. 48 (1904), 943. 
79. Brihl, Berl. Berichte 32 (1899), 1224. Semmler, Berl. Berichte 
(1892), 3353. 
80. Eykman, Berl. Berichte 22 (1889), 2739. 
81. Young, J. Chem. Soc. 55 (1881), 483. 
82. Bertram & Walbaum, Journ. f. prakt. Chem. II. 45 (1892), 590. 
83. Walbaum & Hiithig, Journ. f. prakt. Chem. II. 66 (1902), 52. 
84. Tiemann & Schmidt, Berl. Berichte 29 (1896), 907. 
85. Minguin & de Bollemont, Compt. rend. 134 ae 609. 
86. Krafft, Berl. Berichte 16 (1883), 3018. 
87. van Rowe Liebigs Annalen 166 (1873), 80. 
88. Bertram & Gildemerer Journ. f. prakt. Chem. II. 49 (1894), 188. 
89. Peine, Berl. Berichte 17 (1884), 2110. Perkin, J. Chem. Soc. 69, 
(1896), 1247; Schimmel & Co. 

90. Bertram & Gildemeister, Journ. f. prakt. Chem. II. 39 (1889), 358. 

91. Perkin, J. Chem. Soc. 55 (1881), 551. See No. 24. 

92. Krafft, Berl. Berichte 23 (1890), 2360. 

93. See No. 28. G. Niederschulte, Uber den Dampfdruck fester Kérper, 
Dissert, Erlangen 1903. 

94. Tiemann & Kriiger, Berl. Berichte 26 (1893), 267. 

95. Bertram & Gildemeister, Journ. f. prakt. Chem. II. 39 (1889), 349. 

96. KE. Erdmann, Berl. Berichte 31 (1898), 356. 

97. Schultz, Liebigs Annalen 174 (1874), 205. See No. 24. 

98. Schimmel & Co., Bericht April 1893, 62. 

99. K. Stelzner, Uber den Dampfdruck fester Kérper, Dissert., Erlangen 


2 


or 


100. Schimmel & Co. 

101. Krafft & Noerdlinger, Berl. Berichte 22 (1889), 816. 

102. Ciamician & Silber, Berl. Berichte 23 (1890), 1164. 

103. Krafft, Berl. Berichte 16 (1883), 1714. 

104. Walbaum, Journ. f. prakt. Chem. II. 62 (1900), 136. 

105. Krafft, Berl. Berichte 16 (1883), 3018. 

106. Brunner, Berl. Berichte 19 (1886), 2218. 

107. Einhorn & Hollandt, Liebigs Annalen 301 (1898), 113. 
108. Schimmel & Co., Bericht October 1899, 20; April 1900, 11. 


APPENDIX Lee 


109. E. Erdmann, Journ. f. prakt. Chem. IT. 56 (1897), 143. 

110. Ix. Stelzner. See No. 99. 

111. Ciamician & Silber, Berl. Berichte 29 (1896), 1799. 

112. See No. 24. Krafft & Schénherr, Berl. Berichte 22 (1889), 821. 

113. See No. 24 & 112. Speranski, Zeitschr. f. physik. Chem. 46 (1903), 
76. 

114. Wallach, Liebigs Annalen 279 (1894), 395. Schimmel & Co., 
Bericht April 1892, 42. 

115. Richardson, J. Chem. Soc. 49 (1886), 764. Fischer & Harries, 
Berl. Berichte 35 (1902), 2158. 

116. Semmler, Berl. Berichte 23 (1890), 1803. Thoms. Berl. Berichte 
36 (1903), 3447. 

117. Krafft & Vorster, Berl. Berichte 26 (1893), 2813. Krafft & Lyons, 
Berl. Berichte 27 (1894), 1761. 

118. Krafft, Berl. Berichte 12 (1879), 1664 & 1668; 15 (1882), 1687; 
16 (1883), 1714. See No. 48. 

119. Fittig & Schwitz, Liebigs Annalen 193 (1878), 134, See No. 48. 

120. Krafft, Berl. Berichte 16 (1883), 3018. 

121. Soden, Arch. der Pharm. 238 (1900), 353. Schimmel & Co., Bericht 
April 1899, 48. 

122. Bertram & Gildemeister, Arch. der Pharm. 228 (1890), 483. 

123. Krafft & Noerdlinger, Berl. Berichte 22 (1889), 816. 

124. Wislicenus, Liebigs Annalen 275 (1893), 327. 

125. Callender & Griffiths, Chem. News 63 (1891), 1; See No. 48 & 116. 

126. Krafft, Berl. Berichte 16 (1883), 1714. 

127. See No. 121. 

128. Walbaum, Journ. f. prakt. Chem. II. 73 (1906), 488. 

129. Krafft & Noerdlinger, Berl. Berichte 22 (1889), 811; 23 (1890), 
2360. 

130. Young, J. Chem. Soc. 59 (1891), 626. 

131. Krafft & Noerdlinger, See No. 128. 

132. Krafft, Berl. Berichte 12 (1879), 1664; 15 (1882), 1687; 16 (1883), 
1714; 25 (1892), 478. See No. 48. 

133. Krafft, Berl. Berichte 16 (1883), 1714. 

134. Erdmann & Huth, Berl. Berichte 31 (1898), 358. 

135. Schweitzer, Liebigs Annalen 264 (1891), 195. See No. 41. K. 
Stelzner, Uber den Dampfdruck fester Kérper, Dissert., Erlangen 1901. 
G. Niederschulte, Uber den Dampfdruck fester Kérper, Dissert., Erlangen 
1903. 

136. Callender & Griffiths, Chem. News 63 (1891), 1. See No. 41. 

137. Hertz, Wiedemanns Annalen 17 (1882), 193. Ramsay & Young, 
Zeitschr. f. physik. Chem. 1 (1887), 252 Callender & Griffiths, Chem. 
News 63 (1891), 1. Pfaundler, Wiedemanns Annalen 63 (1897), 36. 

138. See No. 109; Fischer & Harries, Berl. Berichte 35 (1902), 2158. 

139. See No. 38, 129 & 132. See Fischer & Harries in No. 138. 

140. Recklinghausen, Berl. Berichte 26 (1893), 1515. See No. 41. 
K. Stelzner, Uber den Dampfdruck fester Kérper, Dissert., Erlangen 1901. 


12 


178 FRACTIONAL DISTILLATION 


141. Callender & Griffiths, Chem. News 63 (1891), 1. Regnault, Réldes. 
exp. 2, 526. C. Barus, Phil. Mag. V, 29 (1890), 141. 

142. Krafft, Berl. Berichte 19 (1886), 2218. 

143. Carnelly & Williams, J. Chem. Soc. 37 (1880), 126. Gebhardt, 
Dissert., Erlangen 1904; Wiedemanns Annalen 29 (1903), 945, H. Gruener, 
Chem. Zentralbl. 1907, I. 2021. O. Ruff & H. Graf, Chem. Zentralbl. 
1907, I. 2022. 

144. Barus, Phil. Mag. V, 29 (1890), 141. 

145. Venable, Berl. Berichte 13 (1880), 1650. 

146. Wislicenus & Hentschel, Liebigs Annalen 275 (1893), 322. 

147. André, Compt. rend. 126 (1898), 1107. 

148. Schiff, Liebigs Annalen 220 (1883), 103. 

149. Schimmel & Co., Bericht April 1903, 42; October 1903, 42. 

150. Zincke, Liebigs Annalen 152 (1869), 1. Moslinger, Berl. Berichte 
9 (1876), 998; Liebigs Annalen 185 (1877), 51. 

151. Harries, Berl. Berichte 31 (1898), 43. 

152. Pelouze & Cahours, Jahresber. d. Chem. 1863, 529. Lemoine, 
Bull. Soc. Chim. 41, 164. Stephan, Journ. f. prakt. Chem. II. 62 (1900), 
523. 

153. Schimmel & Co., Bericht October, 1904, 91. 

154. Power & Lees, Proc. Chem. Soc. 18 (1902), 102. Mannich, Berl. 
Berichte 35 (1902), 2144. Houben, Berl. Berichte 35 (1902), 3587. 

155. Tiemann & Schmidt, Berl. Berichte 30 (1897), 22. 

156. Tiemann & Schmidt, Berl. Berichte 29 (1896), 913. 

157. Tiffeneau, Compt. rend. 134 (1902), 846. 

158. Bayer & Co., Chem. Zentralbl. 1898, II. 952; 1899, I. 462. Bouve- 
ault, Bull. Soc. Chim. III. 17 (1897), 369. 

159. Liebigs Annalen 310 (1900), 318. 

160. Haller & Martine, Compt. rend. 140 (1905), 1303. 

161. Hesse & Zeitschel, Journ. f. prakt. Chem. II. 66 (1902), 501; Chem. 
Ztg.. 27 (1903), 897. 

162. See No. 154. 

163. Harries, Berl. Berichte 33 (1900), 857. 

164. Tiemann & Schmidt, Berl. Berichte 29 (1896), 907. Walbaum & 
Stephan, Berl. Berichte 33 (1900), 2306. Schimmel & Co., Bericht October 
1904, 82. 

165. Perkin, J. Chem. Soc. 69 (1896), 1244. 

166. Tiemann & Schmidt, Berl. Berichte 29 (1896), 907. 

167. Klages, Beri. Berichte 35 (1902), 2252. 

168. Zincke, Liebigs Annalen 152 (1869), 6. 

169. Tiemann & Schmidt, Berl. Berichte 30 (1897), 33. Semmler, Berl. 
Berichte 26 (1893), 2255, Tiemann, Berl. Berichte 31 (1898), 2899. 

170. Krafft, Berl. Berichte 13 (1880), 1414; 16 (1888), 1717; 23 (1890), 
2361. 

171. Semmler, Berl. Berichte 23 (1890), 3556. 

172. A. W. Hofmann, Berl. Berichte 7 (1874), 520. 

173. Krafft, Berl. Berichte 19 (1886), 2987. 


174. 
175. 
176. 
Aides 
178. 
179. 
180. 
181. 


APPENDIX 179 


Stylos, Berl. Berichte 20 (1887), 2181. 

Méslinger, Liebigs Annalen 185 (1877), 57. 

Ciamician & Silber, Berl. Berichte 29 (1896), 1799. 

Schimmel & Co., Bericht October 1899, 40. 

Ciamician & Silber, Berl. Berichte 21 (1888), 913. 

Rousset, Bull. Soc. Chim. Til. 15 (1896), 59. 

Anschiitz & Berns, Berl. Berichte 20 (1887), 1392. 

Kraut & Claisen, Berl. Berichte 20 (1887), 647. Pechmann, Berl. 


Berichte 31 (1898), 2645. 


182. 


Wittenberg & V. Meyer, Berl. Berichte 16 (1883), 501 Krafft & 


Weilandt, Berl. Berichte 29 (1896), 1326. 


183. 
184. 


Marshall, J. Chem. Soc. 89 (1906), 1371. 
E. Erdmann, Berl. Berichte 31 (1898), 358. 


180 


FRACTIONAL DISTILLATION 


TasiE II].—Bornine Point Revations ror Various Binary Mrxtures 
ee ie ee es a a ee eee 


Weight 
Miscibility Cc Boiling per cent 
at ordinar onstant point of com- Refer- 
Component No. 1 Component No. 2 jemperen Poiling CBM. at | ponent arcos 
atures mixvures | 760 mm. | No. 1 in 
C.B.M. 
Acetaldehyde....... Paraldehyde Complete | None 1 
AceticiAcidi 2... 5. Benzoic Acid 2 
Acetic Acid........ Benzene Partial Minimum | 80. 1°C. 2.0 3, 4, 5, 6 
Acetic Acid......... Benzophenone 2 
Acetic Acid......... Butyric Acid 7 
Acetic Acid......... Carbon Bisulphide Complete | None F 8 
Acetic Acid... 2.5... Diphenyl Amine rb 2 
Acetic Acid......... Meta Xylene Complete | Minimum | 114, 0°C, 27.0 8 
Acetic Acid......... Picoline Complete | Maximum] 146. 5° about 50.0) 9 
Acetic Acid......... Picrie Acid 2 
Acetic Acid......... Pyridine Complete | Maximum 10, 1 
Acetic Acid......... Salicylic Acid 2 
Acetic Acid.......;. Toluene Complete | Minimum | 104, 0° 30.0 5, Sat2 
NCebIGUAGIGC. 505. 6 Triethyl Amine Complete | Maximum] 162, 0° 31.3 UL 
Acetic Acid. 2... us... Trimethyl Amine Complete | Maximum 9 
Acetic Acid......... Water Complete | None 3, 135) te 
14, 15 
VNC=) 1.041 ae Benzoic Acid 
Acetone............] Benzene Complete | None 16; Lv 
18 
IAGETONE seen ea cssc Carbon Bisulphide Complete | Minimum 39, 25¢ 34.0 8, 19, 20 
21 
Acetone. cc.ces the Carbon Tetrachloride | Complete | Minimum 22 
AGELODG ie iain Chloroform Complete | Maximum 64. 7° 80.0 125) 8,22, 
195203 
21,523) 
. . 24 
PA COLONES St ni deeren tes Diethyl Amine Complete | Minimum slags 38.2 25 
ACOCONE eta. cease sn Ethyl Benzoate 2 
PNCOLONG Sn drains oe Ethyl Acetate Complete | None 8 
MNCELONE one tee ce Ethyl Alcohol Complete | None 22, 24 
EXCELONE Facen aay a hee Ethyl Bromide Complete | None 
PN COUOD Girt... <cite wrt Ethyl Ether Complete | None 2,22, 8) 
ATCObOMEr cass. cuheson Ethyl Iodide Complete | Minimum £595), £82 60.0 Srl, 
ACOHODG Kote Methyl Acetate Complete | Minimum 55. 5° 
Acetone .i tree... cc Methyl Aleohol Complete | Minimum 55. 95° 86.5 22, 28, 8 
A CELONE meer ES a Methyl Ethyl Ketone | Complete | None 29 
Aicetone: 1a. chene Phenol Complete | None 30 
(ACETONE) n2.8 tn sos Propyl Bromide Complete | None 
Acetone......:. Nitroglycerine Complete | None 25 
Acetone ncn aes eas Water Complete | None 32, 22, 
30, 33 
Acetylene..........| Ethane Complete | Minimum 34, 35, 
Allyl Alcohol.......| Benzene Complete | Minimum Tuo 20.0 4 
Allyl Aleohol....... Toluene Complete | Minimum 91.5° 50.0 8 
Allyl Alcohol....... Water Complete | Minimum 37 
AMMONIA. -0.6% os De Ethyl Alcohol Complete | None 38 
ATOMNODIB es aie 6 - Isobutyl Alcohol Complete | None 38 
SACI ODI Ba eave ee Propyl Alcohol Complete | None 38 
PATON ODI eerie oe Water Complete | None 39, 40, 
Amyl Acetate.......| Amyl Alcohol Complete | Minimum | 129, 1° 2.6 re “ 
Amyl Acetate.......| Amyl Bromide Complete | None 43 
Amyl Acetate.......) Amyl Iodide Complete | None 43 
Amyl Acetate.......} Bromoform Complete | None 43 
Amyl Acetate.......| Ethylene Bromide Complete | None 43 
Amy] Alcohol.......} Amyl Bromide Complete | Minimum | 116. 15° Low 43 
Amy] Alcohol.......| Benzene Complete | None 19, 20 
Amyl Alcohol.......] Brombenzene Complete | None Bi 
Amyl Alcohol.......| Bromoform Complete | None 43 
Amyl Alcohol....... Ethane Complete 44, 45 
a 


Component No. 1 
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TasiLE III.—Continued 


Amyl Aleohol....... 
Amy] Alcohol....... 
Amyl Alcohol....... 
Amyl Alcohol....... 
Amy! Aleohol....... 
Amyl Alcohol...,... 
Amyl Alcohol....... 


Amyl Alcohol....... 
Amyl Bromide...... 
Amy] Bromide...... 
Amyl Bromide...... 
Amyl Bromide...... 
Amyl Bromide...... 
Amyl] Bromide...... 
Amy! Todideé.........« 
Amyl Iodide........ 
Amy! Valerate...... 


Benzene son acrar 


[BEN ZENO ste ste re 
[Ben ZeMC sic 5 ole cis.e.s 20 


Benzene......0.... 
Benzene sa curcpetieienne 


WEDIZEMC a ce ates rece 
IBOnZENC iad seis <2 ei 
DONZENE. cis coves 
IBGNZENE 4.6% wens oe 
Benzene... = 8. 
IBS GTAZ CDG geyieln eretapans) «is 


Benzoic Acid 
Brombenzene....... 


Miscibility ee Weight 
at ordi- | Constant oiling per cent 
Component No. 2 nary boiling | Point of coms Refer- 
temper- mistines C.B.M. at} ponent ences 
OS 760 mm. | No. 1 in 
C.B.M 
Ethyl Butyrate Complete | None 43 
Ethylene Bromide Complete | Minimum |} 121. 5° 30.0 8 
Hexane ; Complete | None 19, 20 
Isobutyl lodide Complete | Minimum | 115. 5° 20.0 8 
Propyl Bromide Complete | None 31 
Toluene Complete | None 8 
Water Partial 3, 14, 46, 
25 
Xylenes Complete | Minimum | 125°-128° 52.0 8 
Ethyl Alcohol Complete | Minimum 31 
Ethyl Butyrate Complete | None 43 
Isobutyl Alcohol Complete | Minimum | 103. 4° 36.4 43 
Methyl! Alcohol Complete | Minimum 31 
Propyl Alcohol Complete | Minimum 43 
Toluene Complete | None 43 
Isobutyl Alcohol Complete | None 43 
Propy! Alcohol Complete | Minimum 43, 47 
Water Partial 46 
Aniline Partial 48 
Ethyl Alcohol Complete | None 49 
Nitrobenzene Complete | None 48 
Turpentine 2 
Thymol 2 
Valerianic Acid 2 
Carbon Bisulphide 2 
Ethyl! Ether Complete | None 50, 51 
Water Partial 62, 5o 
Benzoie Acid 2 
Brombenzene Complete | None 5 
Carbon Bisulphide Complete | None 54; 32; 
55, 56, 
57, 58 
Carbon Tetra-Chloride | Complete | Minimum 56, 59, 
60, 5, 
61, 19, 
20, 12; 
31 
Chlorbenzene Complete | None 5 
Chloroform Complete | None 56, 5, 8 
Diphenyl Amine 2 
Ethyl Acetate Complete | Minimum 59, 60, 8 
Ethyl Alcohol Complete | Minimum 68. 25° 67.6 56, 59, 
60, 57, 
8, 61, 
62, 19, 
20 
Ethyl Benzoate 2 
Ethyl Bromide Complete | None 55 
Ethyl Ether = Complete | None 56 
Ethyl Iodide Complete | None 8 
Ethylene Chloride Complete | None PAL 
Hexane Complete | Minimum 63 
Isobutyl Alcohol Complete | Minimum 79. 85° 90.7 8, 19, 20 
Isopropyl Alcohol Complete | Minimum (Alpe? 66.7 8, 19, 20 
Methyl Acetate Complete | None i 59, 60 
Methyl Alcohol Complete | Minimum 58.35° 60.5 56, 8, 19; 
Naphthalene 2 
Nitrobenzene Nd: 2 
Propyl Alcohol Complete | Minimum rican be 83.1 8, 19, 20 
Tertiary Butyl Alcohol | Complete | Minimum 13. 95° 63.4 19, 20 
Toluene Complete | None 19, 20 
Water Partial 64, oO, 
Ethyl Bromide Ve e 2 
Butyriec Acid Complete | Minimum | 148.0 81.0 8 
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Tasie III.—Continued 


Weight 
Miscibility Gonstant Boiling | per cent 
at ordinary OnStar point of com- 
Component No. 1 Component No. 2 Lemper boing C.B.M. at | ponent 
atures ee e760 anime No. 1 in 
C.B.M. 
Brombenzene....... Chlorbenzene Complete | None 
Brombenzene....... Toluene Complete | None 
IBFOUMNER Et. wisre ce Water Partial 
Bromoform......... Butyrie Acid Complete | Minimum 
Butyl Alcohol...... Carbon Bisulphide Partial 
Butyl Alcohol...... Ethane Partial 
Butyl Alcohol...... Water Partial 
Butyl Butyrate.....| Water Partial 
Butyl Iodide....... Water Partial a. 
Butyric Acid.......| Water Partial Minimum | 99.0° 68.0 
Caprylic Acid.......| Water Partial 
Carbon Bisulphide. .} Camphor 
Carbon Bisulphide.. | Carbon Dioxide Complete | None 
Carbon Bisulphide..| Carbon Tetrachloride | Complete | None 
Carbon Bisulphide.. |} Chloroform Partial Minimum 
Carbon Bisulphide..| Ethyl Acetate Complete | Minimum 45.0° 92.0 
Carbon Bisulphide..| Ethyl Alcohol Partial Minimum 42.0° 91.0 
Carbon Bisulphide..| Ethyl Benzoate 
Carbon Bisulphide..| Ethyl Bromide Complete | Minimum] 37. 0° 68.0 
Carbon Bisulphide..| Ethyl Ether Complete | Minimum| 34.5 41.0 
Carbon Bisulphide..| Ethyl Iodide Complete | Minimum 
Carbon Bisulphide..| Isopropyl Alcohol Complete | Minimum 44. 0° 91.0 
Carbon Bisulphide.. | Methyl Acetate Complete | Minimum 40. 0° 71.0 
Carbon Bisulphide.. | Methyl Alcohol Partial 
Carbon Bisulphide..| Methylal Complete | Minimum Sie 60.0 
Carbon Bisulphide.,} Naphthalene 
Carbon Bisulphide., | Nitrobenzene 
Carbon Bisulphide..| Perchlorethane Complete | None 
Carbon Bisulphide..| Propyl Alcohol Partial 
Carbon Bisulphide..| Thymol 
Carbon Bisulphide..| Turpentine 
Carbon Bisulvhide..| Valerianic Acid 
Carbon Bisulphide..| Water Partial 
Carbon Dioxide.....| Chloroform Complete | None 
Carbon Dioxide.....| Ethane Complete | Minimum 
Carbon Dioxide.....| Hydrochloric Acid Complete | None 
Carbon Dioxide.....| Methyl Chloride Complete | None 
Carbon Dioxide.....| Sulphur Dioxide Complete | None 
Carbon Dioxide.....| Sulphuric Acid Complete | None 
Carbon Dioxide.....| Water Partial None 
Carbon Tetra- 
CHIOTIAG. | eisai Chlorbenzene Complete | None 
Carbon Tetra- 
CMI ORIG OR ies) 4.0: Chloroform Complete | None 
Carbon Tetra- Ethyl Acetate Complete | Minimum 74. 8° 
chloride 
Carbon Tetra- 
PHIGFICG ©6205 ase cne Ethyl Alcohol Complete | Minimum 64.9° 84.0 
Carbon Tetra- 
CDIOTIGE. oe vier. cas Ethyl Iodide Complete | Minimum 
Carbon Tetra- Methyl Aleohol Complete | Minimum HoT 79.4 
chloride 
Carbon tetra- : 
chloride...........}] Nitrobenzene Complete | None 


Refer- 
ences 


22 
19, 20, 
82 


22, 61 
12 
56, 54, 


oO 
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TasuE IIIT.—Continued 


Miscibilit Boili vou 
iscibility| © oiling per cent 
Component No. 1 Component No. 2 [+ ordinary pee point of coms Refer- 
temper- aetanes C.B.M. at | ponent ences 
atures 760 mm. Nort in 
Carbon Tetra- 
(CHLOTIG OR. aie « Propyl Alcohol Complete | Minimum 31 
Carbon Tetra- 59, 60 
Chlonidese. nomen. < Toluene Complete | None "5. 3 
Glove la peewek en cic ater Complete | Minimum 95. 0° 93.0 83 
Chlorbenzene....... Toluene Complete | None 5 
Chlorbenzene....... Water Partial 19 
CMOTING |g. cpus oisntca ro Water Partial 65, 84 
Chioroform ..... 0... Ethyl Acetate Complete | None 8 
Chloroform......... Ethyl Alcohol Complete | Minimum | 59. 0° 94.0 8, 22) 24 
WI Moroform: se. eens. Ethyl Benzoate 2 
SOrOLOrmM worse. Ethyl Bromide Complete | None 8 
@hiloroform:........0% Ethyl Ether Complete | None 55, 49, 
56, 81, 
@hloroform....:..:.. Ethyl Iodide Complete | None 8 
Chloroform: oi vie a... Isopropyl! Alcohol Complete | None 8 
Chloroform......... Methyl Acetate Complete | Maximum 64S 22.0 8 
GCHlorolorm.c. 6 oss Methyl Alcohol Complete | Minimum 54. 0° 89.0 8, 22, 28 
WhIOLOLOLIM ses tee Toluene Complete | None 56, 5 
IMA OLesOli a cosacrt < o-Cresol Complete | None 85 
o 
Cresol| Tear acrseke Phenol Complete | None 85 
p | 
Diphenyl Amine....|} Ethyl Alcohol 2 
JOO ere See EO Ethyl Alcohol Partial 44, 45 
HEED EME ernie ys tasters ne ce Hydrochloric Acid Complete | Minimum 86 
Highane. os. 03. ...! Isopropyl Alcohol Partial 44, 45 
PECRAME Payee iehen circa ene Methyl! Alcohol Partial 44, 45, 
66 
GH AMC ho cie. eee ter Nitrous Oxide Complete | Minimum 34, 35, 
36 
WETGHAME I.) acs one 0s.4 12 Sten Propyl Alcohol Partial 44, 45 
POIARING ice Sys hic toc eh Water Partial 44, 45 
Ethyl Acetate...... Ethyl Alcohol Complete | Minimum TiO 69.0 8 
Ethyl Acetate...... Ethyl Butyrate Complete | None 43 
Ethyl Acetate...... Ethyl Iodide Complete | Minimum 70. 0° 22.0 12 
Ethyl Acetate...... Ethyl Propionate Complete | None 19, 20 
Ethyl Acetate...... Isopropyl Alcohol Complete | Minimum 74.0° 74.0 8 
Ethyl Acetate...... Methyl Alcohol Complete | Minimum 62.0° 53.0 8 
Ethyl Acetate...... Propyl Alcohol Complete | None 8 
Ethyl! Alcohol...... Ethyl Benzoate 2 
Ethyl Alcohol...... Ethyl Bromide Complete | Minimum 3%.02 30.0 8 
Ethyl Alcohol...... Ethyl Ether Complete | None au, 2 
, 88 
Ethyl Alcohol...... Ethyl Iodide Complete | Minimum 63.0 14.0 8 
Ethyl Alcohol...... Hexane Partial Minimum 19, 20, 
66 
Ethyl Alcohol...... Isobutyl Bromide Complete | Minimum 31 
Ethyl Alcohol...... Isobutyl Iodide Complete | Minimum Oe 70.0 8 
Ethyl Alcohol...... Methyl Alcohol Complete | None 56, 19, 
20, 89 
Ethyl Alcohol...... Methyl Cyanide Complete | Minimum 72. 6° 55.0 90 
Ethyl Alcohol...... Methyl Ethyl Ketone | Complete | Minimum (502 25 
Ethyl Alcohol...... Naphthalene 2 
Ethyl Alcohol...... Nitrobenzene Z 
Ethyl Alcohol...... Picrie Acid 2 
Ethyl Alcohol...... Propyl Alcohol Complete | None 8 
Ethyl Alcohol...... Propyl Bromide Complete | Minimum 31 
Ethyl Alcohol...... Resorcine Complete | None 91 
Ethyl Alcohol...... Thymol een 2 
Ethyl] Alcohol...... Toluene Complete | Minimum WGece Maan 
Ethyl Alcohol...... Water Complete | Minimum WSediog, 95.57 Ts 
3, 22, 
14, 94, 
95, 15, 
19, 96, 
97 
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Tasie III.—Continued 


: ai Weight 
Miscibility oiling per cent 
C ENoeI C BentLN at ordinary Coa point of com- Refer- 
omponen 0. ompone O% temper- ae dives C.B.M. at | ponent ences 
atures x 760 mm. | No. 1 in 
C.B.M 
Ethyl Benzoate.....| Ethyl Bromide 
Ethyl Benzoate..... Ethyl Ether Complete | None 50, 98, 
Ethyl Benzoate.....| Water Partial 64 
Ethyl Benzene......| Toluene Complete | None 19, 20 
Ethyl Bromide...... | Ethyl Iodide Complete | None 49 
Ethyl Bromide......| Methyl Alcohol Complete | Minimum 35. 0° 95.0 8 
Ethyl Bromide......| Water Partial 64 
Ethyl Ethers ....0. Methyl Alcohol Complete | None 8, 56, 28 
Ethyl Ether........ Methyl Salicylate Complete | None , 65 
Ethyl Ether........ Nitrobenzene Complete | None 50, 98, 
65, 48 
Ethyl Ether........| Turpentine Complete | None 50, 98, 
Ethyl Ether........| Water Partial 44, 6, 57, 
47, 25 
Ethyl Iodide....... Isobutyl Alcohol Complete | None 8 
Ethyl Iodide....... Isopropyl Alcohol Complete | Minimum 66. 0° 87.0 8 
Ethyl Iodide....... Methyl] Alcohol Complete | Minimum 55. 0° 8350 8, 54, 42 
Ethyl Iodide....... Propyl Alcohol Complete | Minimum 70202 93.0 8 
thy) Todide,.:.... ater Partial 67 
Ethylene Bromide. .| Isobutyl Alcohol Complete | Minimum | 105. 0° 38.0 8 
Ethylene Bromide. .| m-Xylene Complete | None 8 
Ethylene Bromide. .| Propylene Bromide Complete | None 12 
Formic Acid........ Picoline Complete | Maximum | 156°-159° at 
HormicAcid:.... 0... Pyridine Complete | Maximum | 149.0° 11, 10 
Formic Acid........ | Trimethyl Amine Complete | Maximum 9 
Formic Acid........ Water Complete | Maximum | 107. 1° 77.0 99, 3, 
VBS 67/5 
14, 37, 
’ 100, 101, 
Glycerine,.......... Water Complete | None 102 
PROxeaMey ., sin oon we Isobutyl Alcohol Complete | Minimum 68.1° 19, 20 
iclexane win tne Methyl Alcohol Partial Minimum 50. 0° 8, 66 
POT ANE ch Ss. te Nitrobenzene Complete | None 
TOKAMC? aeitinect ee vale Octane Complete | None 19, 20 
exanemetnc cece Propy! Alcohol Complete | Minimum 65. 65° 19, 20 
Hydrazine. . Water Complete | Maximum] 119.0° 104 
Hydriodic Acid. Water Complete | Maximum | 127.0° 57.0 100, 101, 
i i 
Hydrobromiec Acid..| Water Partial Maximum | 126. 0° 47.5 99, aoa 
100, 101, 
Hydrochloric Acid..)| Methyl Ether Complete | Maximum | —2°C. 61.0 114 176 
Hydrochloric Acid..| Water Partial Maximum | 110. 0° alee 106, 99, 
108, 109, 
110, 15, 
65, 105, 
Tah 
Hydrofluoric Acid... | Water Complete | Maximum | 120. 0° ‘ 
Hydrogen Sulphide. Water Partial p AeU aa ie 
Isobutyl Acetate....| Isobutyl Alcohol Complete | None 31 
Isobutyl Alcohol... .| Isobutyl Bromide Complete | None 31 
Isobutyl Alcohol....| m-Xylene Complete | None 8 
Isobutyl Alcohol....| Propyl Alcohol Complete | None 8 
Isobutyl Alcohol. ...| Propyl Bromide Complete | None 31 
Isobutyl Alcohol....| Toluene Complete | Minimum | 100. 0° 43.0 8 
Isobutyl Alcohol....| Water Partial Minimum 19, 14, 
Isobutyl Bromide... | Methyl Alcohol Complete | Minimum 31 
Isobutyl Bromide... | Propyl Alcohol Complete | Minimum 31 
Isobuty] Iodide.....] Isobutyl Aleohol Complete | Minimum | 101, 0° 8 
Isobutyl Iodide.....| Isopropyl Alcohol Complete | Minimum | 81.0° 30.0 8 
Tsobutyl Iodide.....| Methyl Alcohol Complete | Minimum | 64. 0° 30.0 8 
Isobutyl Iodide.....| Propyl Alcohol Complete | Minimum | 92. 5° 55.0 8 
Isobutyl Iodide.....| Toluene Complete | None 8 
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TasLE III.—Continued 


eae Weight 
Miscibility Gouetann Boiling per cent 
Component No. 1 Component No. 2 |#¢, ordinary boiling point eo oO Refer- 
temper- aie C.B.M. at | ponent ences 
atures 760 mm. | No. 1 in 
C.B. 
Isopropyl Alcohol...| Toluene Complete | None 
Isopropyl Alcohol...| Water Complete | Minimum 80. 35° 87.9 8, 116, 
Tneey 
Methyl Acetate.....| Methyl Alcohol Complete | Minimum] 54.0° 82.0 8, 43 
Methyl Acetate... .. ater Partial 25 
Methyl] Alcohol.....| Methyl Cyanide Complete | Minimum 63. 7° 77.0 90 
Methyl Alcohol.....| Methyl Iodide Complete | Minimum 31 
Methyl Alcohol.....| Methyl Salicylate 98 
Methyl Alcohol.....) Pentane Partial Minimum 66 
Methyl Alcohol.....| Propyl Bromide Complete | Minimum 31 
Methyl Alcohol.....| Thymol 2 
Methyl] Alcohol.....| Propane Partial Minimum 66 
Methyl Alcohol.....| Toluene Complete | None 8 
Methyl Alcohol.....| Water Complete | None 3, 119, 
22, 14, 
96, 97 
{ Maxi- 
} mum 
Methyl Chloride....| Sulphur Dioxide | Mini- 120 
mum J 
Methyl Ethyl 
ESGCOMER aes uate Water Partial 25 
Methyl Iodide...... Nitrobenzene Complete | None 48 
Naphthalene....... Water Partial 64 
Nitrobenzene....... Water Partial 64 
Nitrobenzene....... Pentane Partial 48 
INITEOEM:. #00 cc hee Oxygen Complete | None 121, 122 
Perchloric Acid. ...| Water Complete | Maximum | 203. 0° fa lents3 123 
JD oreo Gwe omens Water Partial Minimum 124, ores 
Propionic Acid......} Water. Complete | None 14 
Propionic Acid......| Pyridine Complete | Maximum! 149. 0° 10, 11 
Propyl Alcohol......| Propyl Bromide Complete | Minimum 31 
Propyl Alcohol......| Toluene Complete | Minimum OnT02 53.0 8 
Propyl] Alcohol......| Water Complete | Minimum Sine (lee ete oe 
14, 23, 
8, 126, 
127, 19, 
Propyl Propionate..| Water Partial 46 
IV TACIT Oss sac raie tee devre.te Water 128, 12 
Salpburis,. cs wach ons Toluene Partial 129 
SUE mires oko arene Xylene Partial 129 
Sulphur Dioxide....| Water Partial ; 65, 84 
Sulphuric Acid..... Water Complete | Maximum 130, 131, 
132, 133, 
15, 134, 
; 135 
Murpentine. oie... Water Partial 64 
Tertiary Butyl ao 
INI Keo) 0X0) eos romesteae GrOrG Water Complete | Minimum 19, 136 
BROLMeNe tava seect els Water Partial iP, 64, 19 
Triethyl Amine.....| Water Partial Minimum 66, bate 
Trimethyl Pyridine. | Water Partial Minimum 137 
NOWUGOCES wae ooo do Water Partial 64 
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Boiling Partial pres- Fi . 
Mol Wi Dommt | carere, peur ob the |e eects ect 
Substance Formula weight | at 760 of steam| Components of sub- a b- Refer- 
of sub- mm. tgs | upper-water oth eee ences 
distil- stances | stances 
stance pres- ibe lower sub- | .°"% P 
save ion Spa in vapor | in vapor 
Acetic Acid. .| CH;sCO2H 60.0 118.7 37.0 46.7 
29.3 38.3 67.4 6 
60.0 88.0 487.0 
273.0 35.4 64.6 
60.0 129.18 | 1981.0 
1059.0 33.8 63.0 
Acetephenone] CsHsCO CH3 120.0 201.5 45.9 1400 
1.32 1.72 10.4 14 
120.0 99.05 734.6 
25.8 3.30 18.5 
120.0 142.32 | 2901.4 
138.3 4,31 23.1 
Amy! Buty-|} CsH7CO2CsHi1 158.0 178.6 97.87 703.0 
rate 56. 2 7.19 40.5 18 
158.0 140.83 | 2782.0 
258.0 8.08 43.5 
Amyllormate| HCO2CsHiu 116.0 123.3 36. 55 45.5 
30.5 39.8 81.0 18 
116.0 89.1 508. 0 
252.0 32.3 15.7 
116.0 131.0 2092.0 
948.0 30.1 73.5 
Amyl  Prop-| CoHsCOe2CsHi1 144.0 160. 2 43.8 67.0 
ionate 9.0 nlp le ep Dio 18 
144.0 96. 25 663.9 
96.1 1253 52.9 
144.0 138.77 | 2642.0 
415.7 13.7 54.6 
GWM 5. oa CeHsN He 93.0 183.9 45.9 74.75 
1.56 2,02 9.64 14 
93.0 98.4 WRK 
43.0 5.50 Zoek 
93.0 141.3 2819.5 
219.0 6.87 27.4 
Benzaldehyde| CeHsCHO 106.0 178.3 45.3 12,9 
3.6 4.70 2250 14 
106.0 97.9 706.0 
56.5 (ier x | 31.4 
106.0 140.7 2772.0 
268.0 9.50 38. 2 
Benzene.....| CeHe 78.0 80. 2 16.0 13.5 
62.5 82.3 95.3 15 
78.0 69.2 225.0 
535.0 70.0 91.0 
78.0 112.6 1173.0 
1867.0 60.4 86.9 
Benzoic Acid .} CsHsCOoH 122.0 249.0 | 143.78 | 3021.9 
1736 0.56 3.65 14 
Benzonitril... | CeHsCN 103.0 190.6 45.7 74.0 
2.08 erie 13.8 14 
103.0 98.5 720.4 
40.0 5.12 23.6 
103.0 141.55 | 2839.4 
201.0 6.25 DHE 
Benzyl A1-| CeHsCH2OH 108.0 205. 0 99.4 744.0 
cohol 14. 58 1. 87 10.2 14 
108. 0 142.7 2932.4 
106.5 3.32 Ll 
Brombenzene | CoH:Br 157.0 155.5 43.0 64.31 
LS 15.3 61.3 14 
157.10 95. 1 636.1 
W3e2 15.9 62.2 
157.0 137.9 2559.7 
481.3 isa 60.9 
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TasLe 1V.—Continued 
Boiling ae Partial pres- Mol Weight 
Mol point Fea sure of ule per cent | per cent | pofer- 
Substance Formula weight | at 760 [of steam Rita eng) 5 | of sub- | of sub- ences 
of sub- | mm. distil- ace abo stances | stances 
stance See lation © aice in vapor | in vapor 
-Bromnaph- Br 207.0 281 1 99.9 757. 33 
a San add 2127 0.290] 3.24 | 14 
207.0 143.8 2023.6 
FS ca oA 0.545 5.09 
n-B A1-| CsaHsOH 74.0 LE.6 40.6 56. 
(“ooheh ped 19.0 25.1 | 58.0 14 
a 74.0 89.4 513.7 
247.0 31.9 65.8 
n-Butyric|} CsH;CO:H 88.0 160.0 45,2 eal 
Tre need Oe Naas 3.9 5.09 | 20.8 24 
88.0 97.5 694.4 
66.0 4 31.0 
88.0 139.7 2695.0 
343.0 10.8 37.1 
Camphor....| C1oHisO 15250 206.0 46.0 Wo. LS 
0. 98% 1.27 9.82 
152.0 99.08 735.4 
24,5727 3.14 21.5 
152.0 142.6 2924.0 
117.027 38.41 24.2 
n-Caprinic) CosHisCOoH 172.0 268.4 | 1438.93 | 3034.4 
Acid 5.97 0.185 1.74 14 
n-Caproic, CsaHiCOeH 116.0 205.7 99.6 749.3 
Acid 10. 26 1:32 7.93 14 
n-Caprylic, C7HisCO2H 142.0 237.5 99.9 757. 33 
Acid 1.58 0. 202 us Ys 14 
142.0 143.65 | 3011.1 
Carbon 29.08 0.903 Gaal 
Bisulphde,., | CS 76. 12 46.0 |—11.5 1.784 
74.09 97.6 99.4 5 
76.12 43.27 65, 24 
694. 85 91. 97.8 
76.12 88.13 489.3 
2550. 4 82.7 95.3 
Chinoline... | CoH7N 129. 237.8 99.7 752.0 
8.4 1.08 7.28 28 
129.0 143.4 2990.0 
52.2. 1.62 10.6 
m-Chlor Ani-| CeHiClNHe 127.45 | 228.5 99.68 TOL. 4 
line 8.85 1.13 7.49 14 
127.45 143.27 | 2979.4 
60. 06 2.16 Tao: 
o-Chlor Ani-| CeHiCINH2 127.45 | 208.8 99.25 740.0 
line 20.05 2. 64 16.1 14 
127.45 142.63 | 2926.7 
113.4 8.53 20.6 
Chlor Naph-| C10H7Cl 162.45 | 259.3 99.85 756.0 
thalene 3.87 0.496 4.30 14 
162.45 143.65 | 3011.1 
28.38 0. 882 7.43 
m-Cresol..... | CeHa(CH3)OH 108.0 200.5 99.3 741.3 
18.0 2.30 12.4 14 
108.0 142.54 | 2919.3 
120.6 3.76 19.0 
o-Cresol.... | CeHs(CH3)OH 108.0 190.1 45.8 74, 38 
1. 64 ZoL6 ci ees 14 
108.0 98. 84 729.14 
30.0 3.83 19.3 
108.0 141.95 | 2871.0 
ialicess 5.34 25. 
p-Cresol..... | CeHs(CH3)OH 108.0 201.1 99.35 742.6 i 
LAG 2.25 tbe ee Et 14 
108.0 142.56 | 2921.0 
118. i 8. 
eae CeHsN(C2Hs)2 149.0 216. 5 99.5 7ae. pie es 
Aniline, .... 24.2 8 3. 
149.0 142.96 | 2958.5 ats ee, a 
86.7 2270 18.7 
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Taste I1V.—Continued 
Boiling Partial pres- . 
Mol point Temp- sure of the Mol Weight 
- rn erature per cent | per cent 
Substance Bormale oer eis (1630) | re ay ae components Aare alll Beek [LEO 
Cada Peilleueetoner distil- Tae er) stances | stances | ©2°°S 
eee lation ower sub- |i) vapor | in vapor 
sure stance Pp Pp 
Diisobutyl.. . | CsHis 114.0 109, 2 31.6 34.6 
41.65 54.5 88.4 7 
114.0 $3.7 411.6 
346.9 45.2 83.9 
114.0 126.5 1825.3 
1214.4 38.8 80.1 
Diisopropyl..| CeHus 86.0 58.08 | —1.3 4,21 
eno) 94.7 98.4 7 
86.0 53. 4 108.8 
651.1 85.2 96.5 
86.0 98.35 716.4 . 
2323.0 75.9 93.8 
Dimethyl 151.0 193.1 46.0 75.13 
Aniline..... CeHsN(CHs)e 1. 69 PA Liles 15.7 14 
151.0 98.7 725.5 
33.4 4.28 27.3 
151.0 141.85 | 2863.6 
176.7 5.44 32.5 
Dimethyl]-o-|CeHs(CH3)N 135.0 184.8 45.5 133243) 
Toluidine ..| (CHs) 2.78 3. 66 220) 14 
135.0 98.3 (15.1 
45.6 5.82 31.7 
135.0 141.3 2819.4 
220.8 7. 64 38.3 
Dimethyl-p-| CeH4(CHs)N 135.0 209. 5 99.3 741.3 
Toluidine ..| (CAs3)e 19.0 2.43 Pena 14 
135.0 142.56 | 2921.0 
109.0 3.41 20.9 
Ethyl Acetate) CHsCO2C2Hs 88.0 Zetle es\h BEKO) 14.4 
61.5 80.9 95.4 1 
88.0 67.5 209. 2 
551.8 71.9 92.6 
88.0 109.6 1061.0 
1976.0 64.3 89.8 
Ethyl Aleohol) C2HsOH 46.0 78.3 23570 21.8 
54, 214 TOR2 86.4 
46.0 69.2 225.4 
534. 6" 69.9 85.6 
46.0 106.1 942.0 
2098. OF 68.2 84.6 
Ethyl Aniline! CeHsNHC21> 121.0 204.0 99.9 757.3 
2.2 3.29 18.6 14 
121.0 142.5 2916.1 
124.6 3.88 21.34 
Ethyl Ether..|(C2Hs)20 74.0 34.61) —17. 23 ale 
75.02 98.4 99.6 
74.0 BPE 36.8 
723, 22 94.8 98.7 
74.0 76.25 304.3 
. 2735. 52 89.8 97.3 
Ethyl For- 74.0 54.3 0 4.60 
Pate. Saute HCO:2C2Hs 72.45 94.1 98.5 
74.0 50.7 95.3 
664.8 87.3 96.6 
74.0 92.8 584.0 
Ethyl Iso- aoe oles 80.4 | 94.4 
y CO2C2Hs 116.0 110.1 2. : | 
butyrate ...| CsH7CO2C2 SS Bye are 18 
116.0 84.5 424.7 
335.3 46.8 85.0 
116.0 126.8 1826.0 
1214.0 38.7 | 80.3 
Ethyl Prop- 102.0 99.0 | 29.2 30.1 
i q ..| CoHsCO2CoHs 45.9 61. 2 89.9 1 
ee asa 102.0 80.0 354.9 
403.6 52.6 86.3 
102.0 121.8 1578.6 | 
1462.8 47.0 | 83.4 
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TaBLE ILV.—Continued 


Sn ee LEE EIEIENISNIINIININIIET peememenscn===s GaneeEEEEEEEEEnE En 


Boiling Partial pres- : 
mot | poine’| Teme. | are ofthe | Mol, «| Weight 
Pr 1 weight | at 760 of tear components SheG De aleotesnbe Refer- 
cubenee Peers of sub- | mm. ashe MBDeRWAteD stances | stances | °™°°S 
stance nee lation eRe in vapor | in vapor 
Formic Acid. | HCO2H 46.0 100.75) 27.8 PU fs 
48. 514 63.4 81.6 
46.0 81.35 374.8 
385. 220 50.1 72.0 
Glycerine....| CsHs(OH)s 92.0 290.0 | 143.96 | 3036.9 
3.00 0.093 0.475 29 
n-Heptane...| C7Hie 100.0 98.43} 26.8 26.17 
50.35 64.6 91.3 19 
100.0 79.15 342.9 
417.3 54.4 86.9 
100.0 122.06 | 1591.5 
1448.8 46.6 82.9 
n-Heptylic) CeHisCO2zH 130.0 221.0 99.9 Cole 
Acid 4.27 0.51 Saas 14 
130.0 143.5 2998.6 
Hexa- 50.4 1.56 10. 
methylene... | CeHie 84.0 80.85} 15.8 Hewes 
62.8 82.6 95.7 16 
84.0 69.5 228.4 
532.7 69.0 | 91.3 
84.0 113.3 1200.0 
1840.0 59.6 87.3 
n-Hexane CcHus 86.0 69.0 ol 7.83 
68.1 89.5 97.7 10 
86.0 61.55 160.0 
600. 4 78.6 94.6 
86.0 105.43 920.1 
2119.4 68.9 91.4 
Todobenzene.| CcoHsl 203.85 | 188.2 45.2 Gaul 
3.8 4.97 37.2 25 
203. 85 98.2 GADD 
47.4 6.06 42.2 
203.85 141.4 2827.5 
JTsoamyl 214.0 6.68 44.8 
Alcohol.... |CsHiOH 88.0 130.1 43.0 64.3 
isle 2 1S} 46.8 21 
88.0 92.7 581.9 
176.0 Pe f 59.0 
88.0 132.9 2210.0 
Isobutyl 831.0 26.3 63.5 
Acetate.... | CHsCO2CsH» 116.0 116.3 36.15 44.5 
31.5 41.4 81.9 18 
116.0 87.9 484.9 
i 2D. L 36.5 76s, al 
Wa > 116.0 128.75 | 1954.5 
(Isobutyl 1085.5 34.4 Woz 
be occ CsH,OH 74.0. |_107.92| 38.1 49.7 
25. aes . $ $6 fees 3 34.5 68.4 20 
: (59a : 
318.2 42.1 74.9 
Isobutyl C3sH7CO2CsHo 144.0 156.9 95.9 654.8 
Butyrate 105.2 13.5 5b00 18 
144.0 138.35 | 2593.0 
447.0 16.4 56.7 
Isobutyl For-| HCO2CsHs 102.0 97.9 2240 29.0 
mate 47.0 61.9 90.2 18 
102.0 79.0 340.7 
419.3 54.5. 87.2 
102.0 121.1 1544.0 
Isobutyric 1496.0 44.9 84.0 
ACI fe serts C3H;COoH 88.0 153.3 44.2 68.5 
Wenll 9.32 33.4 21 
88.0 96. 25 663.7 
96.1 12.0 40.7 
88.0 138.2 2582.0 
459.0 14.4 45.2 
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Taste I1V.—Continued 
Boiling Partial pres- . 
Ae point ere ae sure of the Reeve ee 
weight | at 760 | “ | components Refer- 
Substance Formula RES A Tae ee Uppet-water Hs sub- of sub- anARe 
stance | pres- iati Be || Ike iho |) PCS 9) SEDO 
ae ation StAiee in vapor | in vapor 
Isocaproic (CH3)2 CHCH2 116.0 200. 5 99.5 746.7 
Acid CH2CO2H 7h LOY 9.61 14 
TAGaOlmas 142.7 2932.6 
107.0 3.33 18.2 
Mercury.....| Hg 200.0 356.83} 46.22 eps AAG 0.014 0.16 
0105 
200.0 99.99 759. 7230 
0. 284 0.036 0.40 
200.0 143.97 | 3037. 7931 
2.206 0.073 0.80 
Methyl Ace-| CH;COzCHs 74.0 57.1 2.05 5.30 
tate 70.6 93.0 98.2 1 
74.0 53.3 108.3 
652.0 85.7 96.1 
aw 74.0 94.5 623.0 
| 2417.0 79.1 | 94.0 
Methyl |Al- |CH;0H 32.0 6457.4) 1255 10.8 
cohol 65.2 85.8 91.5 8 
@ 32.0 59.5 145.5 
614.5 80.6 88.1 
32.0 96.8 677.0 
2363.0 4,4 85.9 
Methyi Ani-|C;sH;NHCHs; 107.0 193.8 99.0 733.3 
line 27.25 3.48 iar 14 
107.0 142.1 2883.5 
157.1 4.90 23.4 
Methyl Ben-) CsHsCO2CH3 136.0 197.5 46.0 75.13 
zoate 1.39 1.80 12.15 14 
136.0 98.95 732.0 
28.06 3.58 21.9 
136.0 142.2 1891.6 
148.5 4.60 26.7 
Methyl Buty-) CsH;CO2CHs 102) 0 1102.75 |e 30:16 32.6 
rate 43.3 56.9 88.2 1 
102.0 81.6 378.6 
382.0 49.6 84.8 
102.0 123.4 660.0 
1375.0 44.2 81.8 
Methyl Tor-| HCO2CHs 60.0 31.8 |—18.2 aad 
mate 74.0 98.3 99.5 1 
60.0 30. 65 32.7 
C2056. 95.8 98.7 
60.0 71,42 248.1 
2791.6 91.8 97.4 
Methyl Iso-| CsH;CO2CHs3 102.0 92.3 2a 2000 
butyrate Boon 69.0 O25 1 
102.0 76.5 307.5 
452.5 59.1 89.1 
102.0 118.7 1609.0 
1431.0 49.0 84.5 
Methyl Prop-| C2H;CO2CHs3 88.0 798 18.2 15. ty 
ionate 60.6 79.6 95.0 il 
88.0 | 69.2 225.4 
534.6 16.7 94.2 
88.0 111.2 LAG 
1921.8 62.3 89.0 
Naphthaline) CioHs 128.0 218.1 46.08 75.4 
0.565 0.735 5.0 26 
128.0 99. 33 741.8 
i sa | Piso | 14.4 
Nitrobenzene | CeHsNOz 123.0 208.3 99, 25 740.0 
20215 2.58 15.2 14 
123.0 142.65 | 2928.3 
110.5 3.44 19.6 
o-Nitrotol-| CeHa(CHs)NO2 137.0 | 220:4 | 99.55} 748.0 
uene 12.5 1.63 11.2 14 
137.0 143°07 | 2962.7 
77.3 2.72 15.8 
el ee eee 
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TasLE LV.—Continued 


Boiling Partial pres- . 
Mol point Tony sure of the Mee Bahra 
Ril R 1 weight | at 760 Fagictetak components i BERS obraubek eeeead 
ubstance Oe eET of sub- | mm. distil. upper-water | Stances | stances | &2ces 
stance nan lation lower aR. in vapor | in vapor 
i | 
p-Nitrotol-| CeHs(CHs)NO2 137.0 23070 99.7 752.0 
uene 7.38 0.955 6. 82 14 
137.0 143.4 2990. 22 
48. 63 1.51 10.5 
n-Octane.....| CsHis 114.0 125.8 37.8 48.7 
27.4 35.6 77.8 11 
114.0 89.3 511.5 
248.0 32.0 74.9 
114.0 131.7 2136.0 
902.4 28.9 71.8 
n-Pelargic) CsHi;CO2H 156.0 253.4 99.99 759.73 
Acid 0. 28 0.036 0.31 14 
156.0 143.8 3023.6 
15. 06 0. 468 3.91 
n-Pentane....| CsHiz 72.0 36.3 |—18.2 ed 
75.0 98.4 99.6 4 
72.0 34.6 40.9 
719.0 94.6 98.6 
72.0 79.35 345.7 
2695.0 88.3 96.8 
Phenol.......} CeHsOH 94.0 181.4 46.0 75.13 
11s 1.53 7.50 14 
94.0 98.6 722.9 
37.8 4.81 20.9 
94.0 141.4 2827.5 
214.0 68 27.2 
Propionic C2HsCOoH 74.0 140.3 43.3 65.4 
Acid 10.9 14.2 40.4 23 
74.0 94.3 617.6 
142.5 18.3 48.0 
74.0 135.6 2395.0 
645.0 20.4 51.3 
Propyl Ace-| CH3CO2C3H7z 102.0 101.55) 30.3 32.1 
tate 43.9 Isrts C0 88.6 1 
102.0 81.1 371.0 
389.5 50.6 85.3 
102.0 122.95 | 1636.4 
1404. 5 45.1 82.3 
n-Propyl AIl-| C;H;0H 60.0 97.4 33.8 39.0 
cohol 37.0 48.4 75.8 17 
60.0 80.9 368.0 
392.0 51.0 77.6 
60.0 LISs? 1431.0 
1609.0 51.8 78.2 
Propyl TFor-) HCO2C3H7 88.0 80.9 18.7 16.03 
mate 59.9 78.8 94.8 1 
88.0 70.1 244.6 
526.0 68.8 91.5 
88.0 L295 | T5070 
1883.0 (oi ligal 88.5 
Propylene) CH;sCHBrCH:2Br)| 202.0 141.0 41.0 57.87 
Bromide 18.4 25.0 78.9 14 
202.0 92 586. 2 
173.1 22.4 76.4 
202.0 135.55 | 2392.2 
647.4 20.5 74.3 
Sulphur......| Ss 440.0 | 100.0 760.0 
0. 007 0.013 32 
Toluene...... CeHsC Hs 92.0 110.4 32.0 35. 32 
40.8 53.3 85.4 14 
92.0 84.45 421.6 
338.5 43.9 | 80.0 
m-Toluidine. .} CeHa(CH3)N He 107.0 203.3 99.22 739.2 
20.8 2.66 14.0 14 
107.0 142.5 2916.1 
124.0 3.88 19.4 
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Boiling Partial pres- : 
Mol point hae sure of the Beer Weight 
Substance Formula el at 760 Er steam commonents of sub- ie sub- Refer- 
of sub- mm, Se upper-water ences 
distil- stances | stances 
stance | pres- | jation | lower sub- | in vapor | in vapor 
o-Toluidine... | CeHs(CHs) NH: 107.0 199.7 46.0 75.13 
0.89 5G} 6.51 14 
107.0 99.1 736.0 
24.4 3.12 16.1 
107.0 142.3 2899.8 
139.1 4.34 Zi2 
p-Toluidine. . | CeHs(CHs)NH2 107.0 200. 4 99.1 736.0 
23.6 3.01 15.6 14 
107.0 142.35 | 2903.8 
136.3 4.25 20.9 
Trimethylene | CH2BrCH2Br 202.0 164.4 96.5 669.7 
Bromide CH: 90.1 11.6 59.4 14 
202.0 139.31 | 2665.1 
375.1 Eras 60.0 
n- Valerianic) CaHsCOz2H 102.0 184.4 99.0 733.3 
Acid 27.5 3.54 i Wy fa | 14 
102.0 141.9 2867.3 
175.0 5.45 24.6 
p-Xylene.....) CeHi(CHs3)2 106.0 138.45) 92.2 571.0 
188.0 24.3 65.3 22 
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Tasie V.—TaAsBue or Latent Hats or VAPORIZATION 


Boiling point, 


Latent heat in 


Sg Molecular : 
ubstance degrees, 3 calories per gram 
Centigrade welgitt at boiling point 

A Ce talent ee eee ee 104.0 118.1 66.2 
Acetaldehyde........... 20.8 44.0 |134.6 
INGO INGICL, 55 56 ho ccd Ore USS 7 60.0 89.8 
Acetic Anhydride........ 136.4 102.1 66.1 
IN CELOME meee tc oahe atures 56.6 yeh 11 | we 
Acetyl Chloride......... 55.6 78.5 | 78.9 
IAITmimOniacmece nacre — 34.7 17.0 {3841.0 
PATI Ta Ch aerene ener tn hte 183.9 93.1 |109.6 
Benzaldehyde........... 178.3 106.1 86.6 
Benzene. . Pete cul eh cto 80.2 78.1 93.5 
Benzyl icohol, Meee nN 205.0 108.1 98.5 
Bromibenzenes wanes P5525 157.0 EVE) 
Butyl Alcohol (m)........ 117.6 (4 4323 
Butyl Alcohol Giso)...... 107.9 74.1 {138.9 
Butyrice Acid (iso)....... 162.2 88.1 |114.0 
Carbon Tetrachleride... . 76.8 153.8 46.4 
Chlorbenzene........... 131.8 THD5e 55 75.9 
@hilorotormipnes 02 eee 61.2 119.4 58.9 
Cresoll Gives nnavecoesuos 200.5 108.1 |100.5 
thy lebron esas. aan 38.2 109.0 | 60.4 
tye lodidiey er. ae 155.9 47.6 
litetanune INGO AG A on ome oc 100.8 46.0 |120.4 
GI COMBS veretn eros totes Ge All 62.1 |190.9 
Heptane.. 98.4 100.2 74.0 
Hexane.. b nhe 69.0 86.1 UD? 
Iso amyl Alcohols. Dc iatt 130.1 SCmles zone. 
Iso propyl Alcohol....... 82.9 60.1 |161.1 
Methyl Alcohol......... 64.7 32.0 j\261.7 
Methyl Chloride....°.... — 24.1 50.5 | 96.9 (at 0°C.) 
Methyl Iodide.......... 42.4 141.9 | 46.0 
Methyl Ethyl Ketone... . 81.0 72.1 1103.5 
(GUAT ete Aree ces wher 125.8 114.2 CAN 
Methyl Aniline.......... 193.8 Ove. 1 95.5 
INitrobenzene.........:- 208.3 128%. il 79.2) (ati l5oie5 ©.) 
Pentane. . : pee 23h 36.3 (ORM 85.8 
Propyl Klechol Gy. Teen 97.4 60.1 |162.6 
ROMGCH Chere ae ns pre kee 110.4 92.1 86.8 
Om OMTCLETIG wenn) peeeet et 203.3 MOVieul 95.1 
Oa NGvlONGm ainste nse aut Soke 144.0 106.1 82.5 
RG cn eee ee hve > 100.0 18.0 |536.6 
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operation of, 81 
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chapter on, 91 
diagram of, 16, 50 
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diagram, 14 
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Gas laws, chapter on, 25 
Gases, non-condensible, 98 
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Heat, rate of flow of, 86 
removed in condensers, 98 
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transmission, coefficient of, 101 
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surface in kettle, 81 
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Henry’s Law, 34 
limitations of, 35 
Hydrogen sulphide and carbon diox- 
ide, removal in ammonia 
distillation, 126 
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Ice-water-water vapor, vapor pres- 
sure diagram, 7 
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wood alcohol, 137 
Indicating, valves, 107 
Insulation of columns, 52 
Intermittent still, calculations for, 
61 
diagram of, 61 
for ethyl alcohol, 146 
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illustration of, 54 
Light oil, recovery, 130 
separation of, 80 
Lime, treatment in ammonia dis- 
tillation, 127 
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Logarithmic mean temperature dif- 
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Maximum boiling point, 18 
Methods of fractionation, 14 
“Methyl Acetone,’ 138 
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boiling mixture, 138 
chapter on, 137 
still, 139 
Minimum boiling point, 19 
Miscibility, complete, 11 
Mol per cent, calculation of, 29 
Molal volume, 26 
More complex systems, chapter on, 
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Multi-component systems, continu- 
ous stills for, 119 
Multiple distillation, 15 
diagram of, 15 
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Non-condensible gases, 98 
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tillation, 128 

One component system, phase rule, 
chapter on, 6 
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liquids, 10 
Per cent by volume, calculation of, 
29 
weight, calculation of, 28 
Perfect gas, equation, 26 
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Perforated plates, 71 
Phase rule, chapter on, 3 
Phases, definition of phase rule, 3 
Phenol-water mixtures, 10 
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distance between, 94 
number of, 94 
(See Lewis’ method) 
perforated, 71 
Pressure drop in columns, 70, 92 
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Raoult’s law, 32 
limitations of, 33 
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Scrubbers on ammonia stills, 128 
Simple condensation, 48 
distillation, chapter on, 45 
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Solutions, chapter on, 30 
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Special designs, 108 
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distillation of various sub- 
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189 
supply for continuous stills, 109 
Stills for three component mixtures, 
115 
Successive distillation, 14 
Sugar solutions, vapor pressure of, 
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Surface for condensing, 105 
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Ternary constant boiling mixtures, 
24 
Testers, 121, 107 
Thermal efficiency, 51 
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diagram of, 21 
Toluene vapor pressure curve for, 38 
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Two-component systems, 
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wash oil still, 135 
Valves, indicating, 107 
Vapor, characteristics, 103 
composition curves, 41 
pipes, 96 
pressure curves of benzene and 
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mixtures, 37 
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Vapor, pressure of water, 5, 154 
data for most volatile sub- 
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diagram for system-water, 7 
equation, empirical, 31 
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relations, benzene-wash oil 
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Vapor velocity, 100 
Variants, definition of phase rule, 
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Wash oil, 130 
still, 133 
diagram of, 136 
Water,-acetic acid, vapor composi- 
tion relations, 46 
alcohol, ether, phase rule sys- 
tem, 21 
phase rule system, 5 
phenol mixtures, 10 
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salt, phase rule system, 5 
supply for continuous stills, 110 
vapor pressure curve for, 5, 
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Weight per cent, calculation of, 28 
Weir boxes, 107 
Wood alcohol, impurities in, 137 
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